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Letter to the Public

America’s abundant unconventional oil and natural gas (UOG) rescurces are critical components of
our nation’s energy portfolio. UOG development can enhance America’s energy security and create
significant income, employment and other economic benefits which are crucial to the United States
(U.S.) economy. For example, in 2011, the country’s abundant domestic supplies of natural gas
provided 25 percent of the energy consumed in the United States. Safe, responsible, and efficient
development of unconventional domestic natural gas resources can play an important role in our
energy future.

Nurturing these benefits is a central aim of the President’s “Blueprint for a Secure Energy Future” of
2011 (Blueprint, 2011) and by the Secretary of Energy Advisory Board Subcommittee on Natural Gas
of 2011(SEAB, 2011). The Research Framework (Framework) presented in this document outlines a
multi-federal agency strategy to inform sound decisions at federal, state, tribal, and local levels,
regarding the development of UOG resources. The document focuses on delineating a nationwide
research strategy that is characterized by federal safety and environmental UOG research needs
highlighted in the President’s and the Secretary’ directives.

In April 2012, the Presidentissued an Executive Order which established a Multiagency Working
Group to Support Safe and Responsible Development of Unconventional Domestic Natural Gas
Resources (Working Group) (Executive Order, 2012). Consisting of a number of executive
departments and agencies that have expertise in various aspects of unconventional natural gas
occurrence and development, this Working Group will help assure the public that the best available
science is guiding safe and environmentally sound practices regarding natural gas development.

Also in April 2012, the Department of Energy, Department of the Interior, and Environmental
Protection Agency formed a formal partnership directed toward a focused, collaborative federal
effort to address the highest priority challenges associated with safe and prudent development of
unconventional shale gas, tight gas, shale oil, and tight oil resources (Multiagency, 2012).
Subsequently, the federal agencies designated the Steering Committee representatives, with two
members serving from each of the agencies, and one member from the White House Office of Science
and Technology Policy. (Jackson, 2012)

This draft multi-year Research Framework is a result of that partnership, and is being made
available for public review and comment. This Framework:

¢ Analyzes and synthesizes the state of knowledge of research on UOG resources—which are
limited to shale gas, tight gas, shale oil, and tight oil for the purpose of this Framework—to
assistin identifying and prioritizing additional research needs and new research directions;

o Identifies and categorizes research needs relevant to the safety and environmental
sustainability of unconventional oil and natural gas exploration and production;

¢ Identifies gaps in available data and appropriate activities to address those gaps;

s Describes steps to promote transparency and maximize stakeholder participation and



notification;

s Establishes mechanisms for enhanced cooperative relationships among the three member
agencies in planning and conducting research and reviewing the results; and

s Recommends future plans, goals, and objectives.

Please visit the Multiagency Collaboration on Unconventional Oil and Gas Research web page to find
out more about this effort, or to provide your comments on this Research Framework:
http://unconventional.energy.gov/index.html#. If you need additional information, please contact
the partnership’s Steering Committee at unconventional@hgq.doe.gov.

Signed,

Steering Committee Members
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Executive Summary

Background

Unconventional oil and gas (UOG), which includes oil and natural gas contained in shale or other
“tight” geological formations, represents a significant domestic energy resource. Because of the very
low permeability of these tight reservoirs, extracting oil and gas from them requires unconventional
development and production methods.

In recent years, rapid developments in unconventional resource production technology have greatly
expanded the volume of natural gas and oil that can be economically produced. Hydraulic
fracturing—a process whereby producers pump specially engineered fluids containing sand into a
reservoir at a high pressure and rate that unlocks the formation and increases its permeability by
creating fractures or channels held open by sand grains through which hydrocarbons can travel—is
one such technique that has evolved to the point where it has become economically viable over a
much wider range of domestic resource opportunities. Hydraulic fracturing has been employed for
decades, but today it is being widely used to produce oil and gas from underground formations that
only a decade ago were considered to be non-commercial.

The emergence of shale gas as a major domestic resource is widely considered to be the most
significant development in the U.S. energy sector in generations. Shale gas resources have become an
important part of our domestic energy portfolio. Projections contained in the Energy Information
Administration’s (EIA) 2012 Annual Energy Outlook suggest that shale gas will approach one half of
total U.S. natural gas production by 2035 (EIA, 2012). This development brings with it a host of
significant benefits: job creation, reduction in energy imports, natural gas exports, reduction in
greenhouse gas emissions, and the creation of new energy options for American businesses and
families.

Like all resource extraction processes, hydraulic fracturing is accompanied by concerns over
potential environmental impacts, and they might affect the UOG resources’ ability to support
national energy and environmental objectives. These concerns include potential impacts to water
quality and availability, air quality, life cycle greenhouse emissions, ecosystem integrity, human
health, community well-being, and the prospect of inducing seismic events (earthquakes). These
potential impacts vary locally and regionally. Part of this variation stems from the specific geologic
characteristics of the areas containing these energy resources, which can impact the timing of when
resources are produced and the nature of potential impacts resulting from development and
production (including the size of the footprint of the surface activities, the types and magnitudes of
potential emissions, and the development methodology).

The Steering Committee will collaborate with a diverse set of stakeholders across the life cycle of
UOG development and production and will actively seek out outreach opportunities as research
plans are developed to address the range of topical areas. Key stakeholders that are expected
include: the public; regulators and permitting entities; public health, occupational safety, and health
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agencies; UOG operators and employees; and researchers who depend on reliable information to
predict effects of UOG activities.

The Federal Government’s Role

In meeting the challenge of prudently maximizing the value of our nation’s domestic oil and gas
resources, a primary research role of the federal government is to comprehensively understand the
concerns of the public, ensure that risks associated with these concerns are appropriately and
scientifically quantified, and demonstrate that they are mitigated through the regulatory process at
the local, state, or federal level. In the event that the private sector cannot or will not participate in
the development of innovative new energy technologies, the government will play a role in the
development of these critical technologies which serve the public interest.

As the stewards of millions of acres of public lands, the federal government also has the
responsibility of working with the States to ensure that these lands are protected from potential
environmental effects associated with UOG activities. In addition, the federal government works to
ensure that consistent peer reviewed standards and protocols are followed in the sampling and
analysis of water and biological resources.

Accomplishing these tasks requires a coordinated, cross-cutting research and technology
development agenda. The scope of essential research is broad, and calls for integration and
coordination across a wide range of stakeholders including researchers, industry, policy makers,
regulatory agencies, and the general public.

The existing federal UOG research portfolio spans multiple agencies, reflecting the broad capabilities
of these agencies. The President’s Executive Order for “Supporting Safe and Responsible
Development of Unconventional Domestic Natural Gas Resources,” will ensure coordination of these
activities throughout the federal government by charging federal agencies to pursue
multidisciplinary, coordinated research on the safety and environmental sustainability of UOG
activities (Executive Order, 2012).

Working Together

The Department of Energy (DOE), Department of the Interior (DOI), and Environmental Protection
Agency (EPA) have the majority of federal research experience and expertise relative to the
development of UOG resources (hereinafter referred to as the Agencies).

Each of these Agencies has a unique set of capabilities and experience. In order to achieve the goals
of multiagency collaboration outlined in this document, each agency will:

1. Focus on its area of core competency. Each agency has a different combination of experiences,
research strengths, personnel, resources and mission mandates, leading to complementary
research core competencies (see Error! Reference source not found.Figure 1).

2. Collaborate on research topics, as appropriate. While each agency will focus on its area(s) of core

research competency, there will likely be tasks for which the combined capabilities of more than
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one agency will be necessary to address a particular research topic.

3. Bring coordination and consistency to these collaborating Agencies’ annual budget processes.

Effective research requires a sustained, well planned effort. The three Agencies will work to
ensure that their annual budget processes are part of a coordinated multi-year effort with
targeted and verifiable results.

4. Collaborate on coordination with stakeholders. Many organizations are involved with research

on UOG resources and hydraulic fracturing related activities. The three agencies will work
jointly to engage these organizations in the pursuit of collaborative research opportunities.

The DOE, DOI (notably, DOI's scientific arm, the U.S. Geological Survey [USGS]), and EPA will apply
their core capabilities to evaluate and mitigate national, regional, and local impacts of UOG
development and production. Through concerted cooperation, the Agencies will maximize the
quality and relevance of their collaborative research, enhance synergies between the Agencies’ areas
of expertise, and eliminate redundancy.

To accomplish this, the Agencies will focus on working together to coordinate scientific research
activities through the integrated strategy presented in this document. As laid out in a Multiagency
Memorandum (Multiagency, 2012), the Agencies have agreed to develop a focused, collaborative
Federal multiagency effort to address high-priority challenges vis-a-vis safe and prudent
development of UOG resources. Such development will be limited to shale gas and tight gas, and
shale oil and tight oil, (the latter two are collectively called “tight oil” for this discussion to avoid
confusion between shale oil and oil shale resources). Beyond the scope of the topics covered in this
document, the Agencies remain responsible for implementing their own authorities and internal
priority-setting processes.

Figure 1: Core Capabilities of Federal Research Agencies
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As previously discussed, the Framework presented in this document outlines a multi-federal-agency
strategy to bring about sound evidenced-based decisions at the federal, state, tribal, and local levels,
regarding the development of UOG resources. The document focuses on defining a research strategy
that is motivated by federal safety and environmental UOG research needs highlighted in the
President’s “Blueprint for a Secure Energy Future” (Blueprint, 2011) and by the Secretary of Energy
Advisory Board (SEAB) Subcommittee on Natural Gas (SEAB, 2011).

In addition, the research strategy recognizes that each of the Agencies has core capabilities that can
guide how required research can be implemented effectively. As illustrated in the Venn diagram
shown in Figure 1Error! Reference source not found. above, each of the Agencies has a unique set
of capabilities and experience. In some cases, these core capabilities overlap, so particular emphasis
is placed on a complementary strategy that avoids duplication, such that the research can be
implemented efficiently. The Agencies have sought inputs from other federal agencies on relevant
topical areas addressed in the Framework. The reader should keep in mind that the Framework is a
living document which is subject to change, and the participating Agencies, on an ongoing basis, will
solicit input from the public at large.
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Research Topics

This Research Framework is divided into seven broad topical areas of UOG research needs as shown

in Figure 2.

Figure 2: Multiagency Research Topics

Topic 1) Unconventional
Oil and Gas Resources
Inform policy decisions

Topic 5) People and Communities
Safeguard human héalth

Topic 3) Water Availability Topic 4) Air Quality
Reduce, reiise; recycle Protect the-uir we breathe

Topic 6) Ecological Effects
Protectournatural resources

Topic 1:

Topic 2:

Topic 3:

Topic 4:

Topic 5:

Topic 6:

Topic 2} Water Quality
Protectwater resources

Topic 7} Induced Seismicity
Understand and mitigate earthguake risks

Understanding the scale and nature of U.S. unconventional oil and gas resources: This

is a topic area which cross-cuts all other topical areas and guides and informs the
environmental and health researchin the multi-agency plan.

Water quality: What steps must be taken to protect our water resources from potential
impacts to water quality?

Water availability: What are the requirements to manage competing demands on

water resources whose availability may be affected by UOG development?

Air guality and greenhouse gas (GHG) emissions: What are the relevant research

questions with respect to quantifying and mitigating potential impacts to air quality
from atmospheric emissions and life cycle GHG emissions associated with UOG
development and production?

Effects on people and their communities: What are the research topics that will

enable participating Agencies to understand and mitigate the potential impacts on our
nation’s population and communities?

Ecological effects: What is the research needed to understand and mitigate the
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potential impacts to ecological systems?

Topic 7: Induced seismicity: What are the research requirements needed to assess the potential

of UOG to induce seismic events?
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Table 1: What this document does and does not do

What This Document Does ... and What It Does Not Do

What this document does

What this document does not do

&= Identifies research topics

Each of the seven topic areas identified
above contains a discussion on the primary
scientific questions within the topic.

Identifies initial priorities

The Framework provides an initial
prioritization of the research topics to be
addressed.

Defines the roles of the three agencies

The memorandum which established this
effortlaid out general areas of core
competency for each of the three agencies.
This document provides further detail and
establishes areas for leadership for each
agency. The memorandum also noted that
there will be areas for which the combined
capabilities of more than one agency will be
necessary to address a particular research
topic. This document provides a framework
for that collaboration.

Establishes mechanisms for interagency
cooperation

As stated in the memorandum, the Steering
Committee, which is leading the
coordination, will be a standing entity with
leadership that will rotate between the three
Agencies. This document provides further
detail on the roles and responsibilities of the
Steering Committee and steps that will be
taken to ensure thatresearch is coordinated
on an ongoing basis.

@& Serve as a detailed research plan

The scope of this document is broad,
covering diverse topics relevant to the safe
development of unconventional oil and gas
resources including well design, quality and
quantity of water resources, ecology, human
health effects, surface impacts, water
resources, and other critical topics. Each of
these topics will be the subject of future
research plans that will lay out milestones
and budgetary requirements in greater
detail.

Provide a comprehensive analysis of ongoing
research efforts outside of government

It is critical for federal research agencies to
cooperate with their counterparts from
industry, academia, and non-governmental
sectors. While this document assesses initial
research challenges, it does not provide a
detailed review of efforts being carried out
other than by the Agencies. Such a review
will be part of subsequent research plans,
and will influence which topics are
addressed by the federal government.

Make regulatory recommendations

The focus of this document are research
issues underlying the prudent development
of domestic unconventional oil and gas
resources. This document does not make
recommendations on regulations.

Make recommendations for federal research
beyond the Steering Committee agencies

There may be research topics that are
undertaken by federal agencies not
represented on the Steering Committee and
therefore are not covered in this document.

PAGE 9

DEPARTMENT OF ENERGY
DEPARTMENT OF THE INTERIOR
ENVIRONMENTAL PROTECTION AGENCY



Key Conclusions

The following is a summary of the key conclusions for each of the seven topic areas. Priority
Research Needs have been identified for each of the topic areas. These represent the most critical
research requirements as identified by the Steering Committee.

A key objective of this document is to define the roles and responsibilities of the three research
agencies. To this end, agency-specific Mission Capability is indicated for each of the research needs.
Mission Capability falls into three categories:

. Lead Agency: Agency will lead the coordination of research activities.. Research
need falls directly within the agency’s core competency. Agency has
significant experience and capabilities relative to the research need.

Primary Support: Agency has significant expertise, experience, personnel, and

resources to contribute to the research need.

[:I Secondary Support: Agency has limited (individual researchers or historical programs)
or no capabilities in this area.

Each topic contains a section on Research Leadership, which provides further details on how the
Agencies will collaborate.

Note that this executive summary lists only the highest priority items which the Agencies will
address. Additional important topics are listed in the main body of the report.

Topic 1: Understanding the Scale and Nature of U.S. Unconventional Oil and Gas Resources
Definition

The geologic setting and mode of development of UOG resources are primary drivers of potential
environmental and socioeconomic impact. This topic includes assessing the location and potential
size of different UOG resources around the country in order to understand the potential scale of
development in different geographical areas and geologic settings. Understanding the scale of these
resources and how different development practices may affect environmental impacts requires
knowledge of the geology of different basins and plays (an area in which hydrocarbon accumulations
or prospects of a given type occur) and the geographical variability of geological and hydrological
characteristics, such as lithology, gas/liquids ratio, reservoir pressure and other reservoir
parameters, produced water content and chemistry, and others. This, in turn, will assist the federal
government in understanding the overall impact of developing unconventional domestic energy

resources.
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Priority Research Needs and Agencies’ Capabilities

Table 2: Priority Research Needs - Scale and Nature of UOG Resources

Research Need Mission
Capability
1 | Estimate Technically-Recoverable Resource (TRR): 1dentify where assessment is £ DOI
needed, gather and analyze data, and report findings. [E?A i [:l
2 | Characterize Scale/Timelines of Development. Analyze TRR in the context of ol
economic factors, industry capacity, and developing technology to determine i)A [:[

potential intensity of future drilling activity.

3 | Characterize Linkages among UOG Development Processes, Variable Geology
and EHS Impact Pathways: Conduct field and laboratory studies at varying
scales to understand how UOG development in different reservoirs with different
geologic characteristics that influence EHS impacts. Studies would include
geologic characterization and 3-D mapping, reservoir performance data, in-situ
(surface and underground) data collection, and other topics as developed. Map 3-
D geologic frameworks in critical areas, conduct fracture analysis, and produce an
atlas for continuous hydrocarbon resources of the U.S.

EiO

4 | Foster Technology Development for Environmental Health and Safety (EHS) E_DOI
Impact Mitigation: Identify opportunities where new approaches can reduce the i)A ﬂ [:[
environmental footprint of gas/oil production, either through the development of
smarter and smaller stimulations, more streamlined well/field development
designs, or improved controls technology. Reduced land, air, and water impacts
are expected outcomes.

5 | Understand Long-Term Implications of UOG Development on Co-Located DOE DOI
Subsurface Industrial Activities or Resources: Understand the impacts of
pervasive change in subsurface environment and geologic systems resulting from
natural hydrocarbon leakage and to future large-scale activities such as carbon
storage.

Research Leadership

The DOI and DOE historically have had complementary roles in advancing the public knowledge of
the magnitude of recoverable resource volumes and associated research areas. The DOI's core
capability in recoverable resource assessment and geologic and hydrologic characterizations will be
applied within key plays of onshore and state waters of the United States and will be key inputs to
DOE'’s collaborative activities with the private sector in technology development. The two agencies
will collaborate to target key basins where improved resource assessments and geologic and
hydrologic characterizations are most needed, and for which the best opportunities exist to discern
the region- and resource-specific linkages between geology, development practices, and EHS
impacts. These insights will then be used to guide technology development to mitigate those impacts.

As this effort progresses, DOI will continue to lead hydrocarbon resource assessments, while DOE
will focus on the advancement of relevant technology and sustainable development of resources.
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Topic 2: Water Quality
Definition

Water quality encompasses a range of biological, chemical, and physical conditions for both surface
(i.e, lakes and streams, as well as near-shore oceans) and subsurface waters (e.g. aquifers). Many of
the public concerns regarding UOG development and production reflect uncertainty about the
likelihood and potentially significant impacts on water quality in the context of both ecosystems and
human well-being.

Most research to date has focused on observational studies looking for evidence thatlinks the impact
of UOG operations to water quality. Key additionalresearch needs to generate a quantitative
understanding of potential impacts over the entire cycle of UOG operations (exploration,
development, production, and closure) and how these impacts may vary over time and space. The
goals of this research would provide better data for evaluating potential impacts (e.g., ecological,
human, or community effects) and to identify best practices and new technologies for UOG
operations that may help to avoid adverse impacts. An additional research goal would be to provide
a technical basis for the optimum preparation and response in the event of a UOG system failure

(e.g., a spill or leak) with potential adverse impacts on water quality.

Priority Research Needs and Agencies’ Capabilities

Table 3: Priority Research Needs - Water Quality

Research Need Mission
Capability
1 | Determine the Impact of Well Injection (Hydraulic Fracturing Fluids and DOE DOI

Wastewaters) and Produced Waters on Groundwater Quality: Conduct state of
science assessments, review literature, and determine research gaps; continue
retrospective and prospective case studies; conduct monitoring and modeling to
establish pathways for well injection-groundwater connections; and develop
analytical methods for the detection of selected chemicals reported to be found in
hydraulic fracturing (HF) fluids or wastewater.

2 | Assess Wellbore Integrity to Minimize Contamination: Identify materials for DOE DOI
improved wellbore design and construction to enhance environmental .A
performance of wellbores; apply computer models to explore the potential for gas
or fluid migration from incomplete well cementing or cement failure during
hydraulic fracturing in nearby wells and existing faults; and develop an Area of
Review methodology for horizontal drilling similar to the methodology that is
employed for vertical wells.

3 | Develop Mitigation Technologies: Develop technologies for water reuse and/or DOE DOl
recycling in order to reduce the amount of water requiring disposal through .A [:[
injection.

4 | Identify and Model Water Quality Changes Associated with UOG Life Cycle:
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Examine UOG impacts on groundwater and surface water quality; identify tracers
that can be used to document hydraulic fracturing impacts on groundwater and
surface water; establish bascline monitoring for surface water and groundwater
quality and stray gas; and determine the relative source contributions and
environmental pathways for contaminants associated with UOG produced and
flowback wastewater.

5 | Investigate the Transport and Fate of UOG Wastewater: Inventory current DOE DOI
transport and fate volumes; study impacts of direct discharge on beneficial uses;
test the efficacy of wastewater treatment technologies; develop methods to detect
contaminants in UOG wastewater and receiving environmental waters; and
conduct Source Apportionment and Bromine Disinfection By-Product (Br-DBP)
Precursor Studies.

Research LeadershipEPA is leading a study of the potential effects of UOG operations on drinking

water, which will include case studies of UOG operations conducted in cooperation with industry
participants. DOE is executing a multifaceted research plan to increase scientific understanding of
the relationship between development and potential hazards to drinking water, including
microbiological transformation in on-site storage, migration of UOG produced water (a term used to
describe water produced from a wellbore that is not a treatment fluid), chemical stability of waste
products, and other topics. USGS is conducting baseline surface water and groundwater quality
sampling and modeling to understand potential long-term trends and impacts from activities
related to UOG development/ hydraulic fracturing (eg, well pad and road construction). USGS is
also developing analytical methods to detect low level organic contaminants in the environment,
are developing chemical environmental tracers, and quantifying exposure pathways.,

In future efforts, EPA will continue to focus on impact studies, both prospective and retrospective.
DOE will lead efforts on wellbore integrity, well design, and quantify risks associated with drilling
activities, including potential impacts on groundwater. DOE will also lead efforts on the development
of technologies to reduce and mitigate impacts on water quality. USGS will develop groundwater
flow models to determine if hydrofracture fluids and other drilling materials are contaminating
water supplies and impacting ecosystems and biota, will develop analytical methods for detection
of contaminants associated with produced and flowback waters in the environment, and will
monitor for and characterize “stray gas”.

Topic 3: Water Availability

Definition

This research area relates to understanding how UOG activities may impact both the quantity and
availability of water supplies. In this Framework document, the term water availability is used to
include both the amount and the quality of water needed to meet human and ecosystem needs - so
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the water availability research portfolio will be closely coordinated with the research addressing
both water quality and ecological effects.

In addition, this Framework addresses both water withdrawn from surface and/or groundwater
systems and water produced during the active phase of a UOG operation. Produced water is
important because: 1) it can potentially be treated and reused, thereby reducing total freshwater
withdrawals; and 2) it can potentially be treated and returned to the environment, thereby playing a
role in the local water budget.

This research will develop the data and information that will allow for a quantitative understanding
of how water availability is impacted by UOG resources, geographic locations, and methods of
production. Due to the potentially large volume of data needs, this research will follow a case study
approach, focusing on three regions of potential or existing UOG operations.

Priority Research Needs and Agencies’ Capabilities

Table 4: Priority Research Needs - Water Availability

Research Need Mission
Capability
1 | Provide Supporting Water Resources Information: Support streamgage baseline DOE DOI

monitoring in States where UOG production is ongoing and/or planned. Collect
baseline information in three case study arcas (Marcellus Shale, Barnett
Formation, and Bakken Shale) on water resources in multiple UOG basins before,
during, and after UOG operations; develop regional hydrogeologic frameworks;
and identify sources of lower quality water to be used in lieu of fresh water in
development activities.

2 | Provide Supporting Water Resources Information: Compile published DOE DOI
information on water withdrawals, including ancillary data. BN

3 | Develop Water Budgets: Develop complete water budgets for sub-watersheds in DOE DOI
each of the three case study areas, accounting for withdrawals, discharges to
streams and groundwater and characteristics ofproduced Waters Provide an

4 Develop Predtcttve Tools: Develop statlstlcal models for estlmatmg the amountof | pPor DoOI

water required for UOG operations; predict volumes of flowback fluids and BN |
produced waters; develop tools to predlct pass-by” water Volurnes at withdrawal

5 Develop Innovative Mmgatwn Technologies: Develop hydrauhc fracturing DOE DOI
technologies that require less water consumption and/or alternative waterless .A [:[
technologies.

Research Leadership

The USGS Cooperative Water Program supports baseline studies on water availability and quality in
a number of states where significant UOG plays have been identified. DOE is supporting site-specific
studies to provide water resources information to identify the potential impacts of hydraulic
fracturing water withdrawals on paired watersheds and assess shale gas drilling activity on runoff
and stream flow. Ambient water quality monitoring by states and tribes, some of which is funded by
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EPA, provides an additional source of background information on water resources availability and
quality.

All three agencies have initiated database projects relevant to water resources: the National Water
Information System, or NWIS {USGS), the Storage and Retrieval database, or STORET (EPA), and the

Energy Data Exchange, or EDX {DOE). The Steering Committee will sponsor a tailored effort to
identify and eliminate redundancies among these projects.

USGS will take the lead in mapping, estimating, and managing water resources and the
Hydrogeologic framework. DOE will lead efforts to develop technologies that reduce the impact of
UOG development on water resources, both by reducing or eliminating the use of fresh water in
hydraulic fracturing and by improving the recycling of flowback fluids.

Topic 4: Air Quality and Greenhouse Gas Emissions
Definition

UOG development and operations will release various compounds into the atmosphere, including
methane, sulfur, organic compounds, hazardous air pollutants (HAPs), and radon. The range of these
compounds can impact humans and/or ecological resources, and some are greenhouse gases
{GHGSs). Key research needs in this area include improved quantitative evaluations of emissions to be
used to assess ecological effects, human effects, and life cycle GHG emissions.

Priority Research Needs and Agencies’ Capabilities

Table 5: Priority Research Needs - Air Quality

Research Need Mission
Capability
1 | Air Quality Modeling: Perform air quality modeling to evaluate potential changes DOE DOI
in regional ozone and particulate matter (PM). ENEN |

2 | Source Emissions Measurements: Measure hazardous air pollutants
(HAPs)/volatile organic compounds (VOCs) from well completions and surface
impoundments. Apply source-receptor modeling to estimate contributions from
UOG activities.

DOE DOl

3 | Ambient Air Measurements: Measure near-source ambient VOC/HAP levels.

Exposure Assessment: Conduct scoping evaluation of potential for exposure to DOE DOI
HAPS and VOCs near UOG operations. ENEN |
Emission Mitigation: Assess the current capabilities of control strategies and DOE DOl

measures to reduce emissions from UOG operations including extent of current
use, costs and performance, availability and applicability, and operational benefits
and challenges.

AW

Support Development of Engineering Controls, Technologies, and Strategies for
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Emissions Control during UOG Operations: Conduct measurement activities to DOE DOI
provide information on performance of control technologies and practices; .A [:[
collaborate with industry and others to move promising control concepts to

demonstration stage; and support evaluation of improved technologies and

practices through field demonstrations.

Research Leadership

There is a growing base of information on emissions and activity data thatis reported to the EPA
GHG Reporting Program (EPA, 2010) and from a growing body of research studies sponsored or
conducted by industry, academia, government, and even private citizens.

EPA will continue to lead these efforts, along with exposure modeling and air quality modeling. DOE
will focus on sponsoring and evaluating research efforts aimed at reducing air emissions from oil
and gas activities.

Topic 5: Effects on People and their Communities
Definition

Air quality, water quality, and water availability impacts from UOG production may ultimately
manifest human effects, including impacts on human health and community-scale impacts. UOG
development may also result in human effects related to land-use and recreation changes, and
impacts on civil infrastructure.

Human health research needs include an analysis of the available data and identification of
knowledge gaps; understanding of the changes in water quality, water availability, air quality, and
other environmental media; knowledge of the likely human exposure and hazard scenarios;
supportive toxicology related to likely exposures; the populations and lifestages susceptible to
exposure and hazard; and best practices for evaluating potential cumulative risks associated with
multiple stressors resulting from UOG development activities. Research needs at the community
level involve characterizing UOG production impacts on community-level economics, demographics,
well-being, governance, infrastructure, and services.

Priority Research Needs and Agencies’ Capabilities

Table 6: Priority Research Needs - Effects on People and Communities

Research Need Mission
Capability

1 | Current Data and Knowledge Gaps: Facilitate the identification of data
and knowledge gaps using Comprehensive Environmental Assessment
(CEA) and perform industrial hygiene surveys for assessment worker

health hazards.
2 | Toxicity Assessment: Perform high throughput screening value (HTSV) DOE DOl
assessments on UOG development. ENEE |
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3 | Preliminary Health Studies and Surveillance: Conduct health surveillance at DOE DOI
current and proposed UOG sites and synthesize a comprehensive stressor A [:[ .
inventory to address multiple chemical exposure routes.

4 | Technology Sustainability Assessment. Integrate CEA and Health Impact
Assessment (HIA) methods into existing data and comprehensively identify
knowledge gaps to inform policy decisions; conduct a comprehensive literature
search, computational toxicology research, and accumulate knowledge on
potential health impacts.

5 | Community Governance, Infrastructure, and Services: Conduct case studies of DOE DOI
affected communities using secondary data to assess impacts. ENEE |

6 | Economic Impacts: Conduct case studies of affected communities using DOE DOl
secondary data to assess impacts. ENEN |

Research Leadership

EPA will continue to lead this research topic, coordinating as necessary with other relevant federal
health agencies. Ongoing interactions among the three Agencies will be needed to coordinate the
research being performed on the other components of this effort, specifically that of the water
quantity and quality, air quality, and ecological effects on research areas. This coordination will
include data and information collection, and resource sharing that will help support and guide the
direction of the human effects research thus increasing our understanding of the impacts of UOG
activities.

Topic 6: Ecological Effects

The impacts discussed in the respective air quality, water quality, and water availability topic areas
may ultimately be understood as a diverse set of ecological effects across ecosystems where UOG
development occurs. In addition to the three air and water impact categories discussed previously,
UOG activities have the potential to adversely affect ecosystems through other impact pathways such
as land use change leading to habitat fragmentation or loss, providing a vector for the introduction of
invasive and non-invasive species, and adverse effects on sensitive species due to noise and light
pollution.

Ecological effects research is intended to connect the media-specific findings from the air quality,
water quality, and water availability research with land use change impacts, to understand their
cumulative impacts on migratory birds, threatened and endangered species, fish and wildlife habitat,
designated uses, and ecosystem services. Research is needed to characterize ecosystem-specific
critical habitats and key indicator species and to develop monitoring networks to collect
predevelopment baseline data in areas of ongoing and potential UOG activity. Pathway and
cumulative ecological impact research will support resource protection, restoration, and mitigation
activities so thatland managers can more effectively monitor ecosystem health throughout the UOG
development cycle and allow best management practices (BMP) to be refined through an adaptive
management approach to reduce impacts and restore affected habitats.

Priority Research Needs and Agencies’ Capabilities
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Table 7: Priority Research Needs - Ecological Effects

Research Need Mission
Capability

1 | Information Gap Analysis: Systematically review and synthesize literature, data
sources, and monitoring protocols relevant to evaluating impacts of UOG on
habitats, ecosystem services, aquatic life uses, migratory birds, and threatened and
endangered species; develop web site for data sharing.

2 | Wastewater Toxicity Testing: Expand toxicity database with additional chemicals
and species of concern; determine the toxicity of chemicals and salts used or
produced during UOG activities on aquatic life; and test alternate chemicals and
emerging technologies for potential environmental risks and benefits.

3 | Vulnerability Assessments: Identify and prioritize key geographic regions, DOE DOI
ecosystems and their services, sensitive aquatic communities, and critical wildlife | [Eja [
habitats that have the greatest potential for impact from ongoing and potential
UOQG activities.

4 | Cumulative Impact Models: Estimate total cumulative impact of the full life cycle | por port
of UOG exploration, development, and delivery on natural resource systems of
concern.

Research Leadership

The core competencies of impact assessment, risk assessment, and adaptive management are
necessary to identify, predict, and mitigate the ecological impacts from UOG development. For this
reason, there is a need for close collaboration between the agencies as current research efforts
proceed and planned research moves into implementation. EPA and DOI will jointly lead this area of
research, with support from DOE.

Topic 7: Induced Seismicity
Definition

UOG development has the potential to induce seismic events. Researchers have long known that
human actions can cause earthquake activity, from petroleum extraction to water reservoir
impoundments and fluid injection into the subsurface. Current scientific understanding suggests that
changes in fluid volume and pore pressure, whether they decrease through long-term fluid
extraction or increase through fluid injection, can induce seismic events. Consequently, the three
stages of the UOG life cycle that could potentially cause such events to occur are during hydraulic
fracturing, long-term extraction, and the disposal of produced and flowback waters through deep
injection wells. Current understanding suggests that the potential risk is greatest from wastewater
disposal.

Although the risk of inducing seismic events from UOG operations is believed to be low, confidence
can be built by demonstrating that the extensive set of empirical observations on operations to date
is consistent with predictive models over a range of geologic conditions and operational parameters.
Research is needed to gather further data to relate UOG operations to induced seismic events,
connect these events to specific operational parameters, and develop mitigation plans for decision
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makers attempting to minimize seismic risks.

Priority Research Needs and Agencies’ Capabilities

Table 8: Priority Research Needs - Induced Seismicity

Research Need Mission
Capability

1 | Data Collection—Field and Laboratory: Identify five to ten industrial sites where DOE DOI
background and multi-year monitoring activities can be conducted; conduct
background and long-term monitoring studies at the sites chosen for assessment.

2 | Hazard and Risk Assessment. Analyze background data for multiple sites; DOE DOI
develop component models for induced seismicity (IS); and develop system
models for probabilistic hazards assessment.

3 | Physics-Based Model Development. Develop models for predicting induced
seismic events and validate models with lab experiments and field data. As
predictive models are developed, they must be validated and calibrated with
microseismic (<1 magnitude) field data to demonstrate effectiveness. As most
field data are on the microseismic scale, models will need to be able to reproduce
similar results to be validated.

Research Leadership

The USGS and DOE have core capabilities to contribute to these monitoring, modeling, and best
practice development needs. USGS will lead efforts focused on geologic characterization and natural
systems. DOE will lead efforts focused on advanced computation, advanced imaging technologies,
and engineered systems.

Next Steps

This document proves a research framework, an initial set of priorities, and a process via which the
Agencies will collaborate on research topics critical safely and efficiently maximizing the value of
domestic unconventional oil and gas resources.

The Interagency Steering Committee which compiled this document will coordinate the efforts of the
Agencies on an ongoing basis. The Steering Committee includes two members from each of the
Agencies: one member focused on policy and one member focused on research and technology. The
Office of Science and Technology Policy (OSTP) also contributes a member to serve on the
Committee. DOE leads the Steering Committee. Leadership will pass on an annual basis among the
Agencies; DOl will provide the next Committee Chair, followed by EPA.

Steering Committee has identified some critical next steps:
e Finalize gap analyses for high priority topics.

The Steering Committee has identified research areas that are of particular interest, and has
reviewed ongoing efforts within the three agencies. Work is also ongoing within state-based
agencies, academia and industry. The goal of the Steering Committee is to ensure that the
Agencies leverage external efforts, where possible, to create a more comprehensive picture of
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critical issues related to the development of domestic unconventional oil and gas resources. The
Steering Committee will coordinate efforts of the Agencies to draw a comprehensive picture of
research efforts throughout the various sectors to inform decisions on which topics must be
addressed by the federal government.

Complete research plans

This document initiates the process of identifying the highest priority targets. The gap analysis
detailed above will enable the Agencies to refine that analysis and steer budgets towards the
most critical areas. Research plans with greater granularity will then be drafted - establishing
milestones, required resources, funding sources and desired outcomes.

Manage research efforts on an ongoing basis

The Steering Committee, supported by appropriate research staff, will meet on a quarterly basis
to manage research efforts, establish and track milestones, and ensure that programs are
implemented in a manner that maximizes public benefit. The Steering Committee will publish an
annual progress report in conjunction with the budget process. This update will provide an
update on progress towards milestones and key results of ongoing research.

Execute continuous outreach with key stakeholder groups

The goal of the Steering Committee is to facilitate efforts which are useful to the various
stakeholders who rely on credible, objective data to make informed decisions on resource
development. This includes families who live in close proximity to drilling operations,
companies who are making investments in developing the resource, regulators who are charged
with crafting rules to prudently manage risks, community groups who are concerned about
environmental impacts, and our nation as a whole which stands to benefit from the increased
energy security and economic development that comes from prudent development of domestic
resources.

The Agencies will ensure, on an ongoing basis, that there is two way communications with these
constituencies. The goal of this outreach is a) to ensure that research conducted by the federal
government directly addresses the areas of greatest concern/impact, b) ensure that federal
researchers appropriately leverage efforts in academia and the private sector, and c} ensure that
the results of federal efforts are being effectively and transparently communicated to the public.
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Summary of Research Core Competencies

Table 9: Research Core Competencies by Agency

Department of Energy

Department of the Interior

Environmental Protection Agency

Conducts geologic and engineering

| characterization and resource modeling of

| frontier resources.

| Develops play-specific remote sensing
acquisition and interpretation
technologies that enable improved
prospect delineation and well siting.

Develops technology to minimize the
environmental footprint of operations,

| including expertise in multi-phase flow in
| fractured reservoirs, as well as drilling,

| completion, stimulation, and production.

Evaluates and assesses both conventional
and unconventional (shale gas, shale oil,
tight gas, tight oil, coalbed methane) oil and
gas resources.

Provides detailed geologic data, information,
and models of petroleum systems as well as
an assessment of the potentially technically
recoverable resource.

Prepares geologic maps that display the
detailed stratigraphic and structural
geologic relationships that control
hydrocarbon accumulations and possible
pathways for fluid migration.

Develops hydrogeochemical simulators
and models for predicting potential
changes to groundwater chemistry.

Develops a wide range of new technologies

and processes, including innovations

which reduce the environmental impact of

exploration and production such as

| flowback water treatment processes and

| water filtration technologies, alternatives
to water-based stimulation, and others.

Develops new analytical methods for
measuring geochemical properties, age
dating, stable isotope measurement, and
determination of chemical compounds in
fracturing fluids

Establishes baseline water quality prior to
natural gas exploration and production.
Projects are assessing baseline information
on channel morphology, stream chemistry,
benthic invertebrate and fish assemblages,
and groundwater chemistry.

Conducts subsurface hydrogeological and
geochemical modeling, evaluating well
integrity issues, and assessing the
potential for releases to groundwater
from wells or surface impoundments
during drilling, completion, operation, or
post closure

Undertakes subsurface and surface
remediation of water and aquatic
ecosystems polluted acutely and
chronically by accidental spills and




Conducts groundwater and surface-water
sampling and flow modeling at a number of
locations across the country at which gas
production is underway.

Examines UOG impacts on groundwater and
surface water quality and identifies tracers
and determines environmental pathways to
document potential hydraulic fracturing
impacts

releases, and in restoration in aquatic
ecosystems including small streams,
rivers, wetlands, and floodplains.
Possesses proven expertise in monitoring
infrastructure installation and
experimental design to evaluate and
measure ecosystem level nutrient and
contaminant dynamics.

| Develops alternative approaches to

| current hydraulic fracturing technologies
| that require less water consumption
and/or non-potable water.

| Develops database resources to coordinate
| access to key data needs.

Provides information on the volume, quality,
impacts, and possible uses of water
produced during generation of oil, gas, and
coalbed natural gas production and
development.

Develops methods and tools for
preventing or removing contaminants
from surface and subsurface water
sources, including wastewater.

Developed and evaluated novel imaging
technologies for areal magnetic surveys
for the detection of unmarked abandoned
| wells, and for detecting and measuring
fugitive methane emissions from
exploration, production, and
transportation facilities

| Develops and applies novel monitoring

| technologies for air emissions.

; | Models atmospheric processes and
| dynamics.

| Monitors baseline atmospheric signals.

Develops of ambient measurement
methods; deployment, validation, and
evaluation of measurement technologies;
and analysis of ambient pollutant
concentration data for criteria,
hazardous, and greenhouse gas
pollutants.

Develops and applies source emission
measurement methods for stationary,
mobile, and area sources. Works with
federal, state, and industrial partners to
develop, evaluate, and apply state-of-the-
art measurement methods for sources
that emit criteria, toxic, and greenhouse
gas pollutants.

Designs and implements methods to
characterize exposure to air pollutants,
using field measurements and modeling
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to evaluate the relationships between
source emissions, ambient
concentrations, and personal exposures.

Develops and utilizes plume models and
source-receptor models that can link
measured changes in ambient pollutant
concentrations to changes in source
emissions.

Develops and applies methods for
evaluating toxicity of exposure to air
pollutants, chemical contaminants,
ranging from in vitro cell responses to in
vivo testing of animal and human
responses to air pollutant contaminant
exposures to computational toxicological
approaches. Implementation of field
measurements and modeling to evaluate
the relationships between source
emissions, ambient concentrations, and
personal exposures.

Integrates information regarding
hazards, exposure, and effects of
stressors on human health and providing
information in the form of a risk
assessment for use by environmental
managers and decision makers.

Develops and applies multi-scale
modeling systems integrating cumulative
exposure and risk across multiple
environmental media, multiple pathways,
and multiple receptors; facilitating
assessments in complexity ranging from
site-specific deterministic screenings, to
refined probabilistic exposure and risk
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assessments spanning the entire U.S.

| Develops and applies novel monitoring

| technologies for air emissions.

| Models atmospheric processes and
| dynamics.

| Monitors baseline atmospheric signals.

Undertakes scientific research, monitoring,
remote sensing, modeling, synthesis, and
forecasting to address the effects of climate
and land use change on the Nation’s
resources.

USGS maintains 17 independent science
centers and 40 university cooperative
research units to conduct research in all
aspects of wildlife and fisheries biology and
ecology.

Capabilities include basic species biology,
physiology, toxicology, genetics and
genomics, health and biosecurity, tracking,
population assessments, habitat, and human
and environmental impacts to terrestrial
and aquatic species, communities, and
systems.

Characterizes the physical, chemical and
biological condition of ecosystems;
characterizing the landscape alterations
and vulnerability of ecosystems.

Quantifies physical, chemical, and
biological changes to ecosystems from
stemming from human activities,
including disruptions of ecological flows
in headwater rivers, and impacts on
terrestrial wildlife, stream macrobenthos,
and fish.

Quantifies the value of services provided
by ecosystems.

Develops technologies to detect critical
geologic features such as natural faults
and fractures.

Develops and applies models to predict

| potential to induce seismic events and/or
to propagate fractures due to injection of
fluids. Models are based on detailed
predictions of the geomechanical response
of rocks and reservoirs during injection
and its impact on pore pressures over time
and space.

Develops and applies of novel monitoring
and imaging technologies for
| microseismicity.

Operates the National Seismic Network and
Regional Seismic Networks in seismically
active areas of the country.

Operates one of the principal California
Integrated Seismic Network processing
centers for seismicity in central and
Northern California, imports data from a 32-
station seismic network under funding from
DOE in cooperation with Calpine
Corporation.

Integrates and analyzes the Geysers
geothermal data in real-time with data from
USGS, UC Berkeley, and California Geological
Survey seismic stations.
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USGS hydrologists create computer models
to simulate generation and maintenance of
excess pore pressures in deep aquifers and
their relationship to fault strength.
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Federal Multiagency Collaboration on Unconventional Oil and Gas Research

A Multi-Year Framework for Collaborative Research and Development
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Introduction

Overview of Multiagency Unconventional Oil and Gas Collaboration

The Multiagency Memorandum (Multiagency, 2012} signed by the Department of Energy (DOE),
Department of the Interior (DOI), and Environmental Protection Agency (EPA) (the Agencies)
instructs the Agencies to develop a collaborative federal multiagency effort to address high-priority
challenges in safe and prudent development of unconventional oil and gas (UOG) resources. The
primary goal of this effort is to ensure coordination and collaboration between the Agencies in the
development of timely, policy-relevant science and technology research results, and the design of
policy options based on those results.

This multiagency collaboration addresses the need for federal safety and environmental UOG
research as highlighted in the President’s “Blueprint for a Secure Energy Future” (Blueprint, 2011)
and by the Secretary of Energy Advisory Board (SEAB) Subcommittee on Natural Gas (SEAB, 2011).
The Multiagency Memorandum was signed (April 13, 2012) at the same time as the release of the
President’s Executive Order for “Supporting Safe and Responsible Development of Unconventional
Domestic Natural Gas Resources,” which directs federal agencies to pursue multidisciplinary,
coordinated research on the safety and environmental sustainability of UOG activities (Executive
Order, 2012).

The federal role for UOG research will facilitate safe and prudent development of UOG resources by
developing a scientific basis for sound policy and regulatory decisions that will promote “...safe,
responsible, and efficient development of unconventional domestic natural gas resources...”
(Executive Order, 2012).

Multiagency Management Structure

The Multiagency UOG effort is managed by a Steering Committee comprised of policy and technical
leads for each agency and a representative from the Office of Science and Technology Policy (OSTP).
This Research Framework is being developed through a Technical Subcommittee, comprised of
scientists and engineers from each of the Agencies, with inputs from scientists from the U.S.
Department of Health and Human Services (HHS).

This Research Framework serves as a blueprint for efficiently and effectively directing resources as
they become available to address the most critical gaps in knowledge. This Framework will guide the
Agencies in designing and implementing future efforts, including the creation of detailed research
plans to address priority topics. This Framework will also be instructive to managers that oversee
the use of federal research resources, the policy- and decision-makers that will use the research
results, and the stakeholders who will be impacted by the consequences of policies and decisions.
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Cross-Cutting Technical Themes

The DOE, EPA, and the U.S. Geological Survey (USGS) - which will act as the science research arm for
the DOI - will apply their core capabilities to develop the science and technology base that enables
the evaluation and mitigation of national, regional, and local impacts of UOG development and
production. The Agencies will develop research strategies to address resource characterization,
water quality, water availability, air quality and GHG emissions, ecological effects, human effects, and
induced seismicity through a collaborative approach. In addition to collaborative activities among
the DOE, EPA, and USGS, interaction with other federal and state agencies will be beneficial in order
to address technical and policy research needs of interest to them.

As illustrated in Figure 3 below, each of the Agencies has a unique set of capabilities and experience.
In some cases, these core capabilities overlap, so particular emphasis is placed on a complementary
strategy that avoids duplication, to ensure that research can be implemented efficiently.

Figure 3: Agency Core Research Competencies

e Water guality assessment
e Air monitoring and assessment
» Human health and environmental risk

o Wellbore integrity, flow, ¢ Resource assessments
and control ¢ Hydrology and geology;

e Technology development earthquake hazards

e System engineering, imaging, e Land use, wildlife, and
and materials ' ecological impact
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The DOE'’s core competencies include UOG resource characterization and modeling; diagnostics and
imaging technology development; drilling, completion, and stimulation technology development;
wellbore integrity and flow control; air cleanup and water treatment and re-use technologies; and
systems engineering, imaging, and materials.

The EPA’s core competencies include ambient and source measurement of air pollutants;
measurement and modeling of surface and groundwater quality, and water treatment methods and
technologies; ecological causal, impacts, and services analyses; toxicological dose-response
assessments; and integrated characterization of ecological and human exposures and risks.

The USGS’ core competencies include energy resource research and assessment; hydrologic (both
water availability and quality) research and assessments; geologic analysis including that related to
induced seismicity; land use and climate change; and wildlife and fisheries ecological impact and
services assessments. Each organization’s core competencies are described further in the Summary
of Research Core Competencies, which can be found in the table of at the end of the Executive
Summary.

Collaboration with other agencies that have specific expertise and mission to address or augment
various research activities will also be required. For example, an organization within the U.S.
Department of Health and Human Services (HHS), the National Institute for Occupational Safety and
Health (NIOSH), has the sole federal mission to conduct occupational safety and health research.
NIOSH staff have participated in the development of this Research Framework.

Stakeholders

The Steering Committee will collaborate with a diverse set of stakeholders across the life cycle of
UOG development and production, and will actively seek outreach opportunities as research plans
are developed to address individual topics.

Key stakeholders expected to be interested in this Research Framework include, but are not limited
to:

¢ The public, who wants to ensure that operations occurring near their homes, schools,
businesses, historic sites, etc., will not adversely affect their health or property;

s Regulators and permitting entities (e.g., federal and state agencies, tribes, municipalities),
who want to ensure that policy and regulatory frameworks are based on sound science;

¢ Public health/occupational safety and health agencies, health care organizations and
practitioners, and emergency management organizations, who want to ensure that adequate
protective measures are in place for rural and urban/suburban populations and for health
care workers and first responders;

DEPARTMENT OF ENERGY
DEPARTMENT OF THE INTERIOR
PAGE 30 ENVIRONMENTAL PROTECTION AGENCY




s  Workers and labor representatives, who want to be aware of potential health hazards in the
workplace;

o UOG operators and employees who want to apply the most appropriate technology, BMP,
and engineering controls to reduce or eliminate hazards, to ensure that activities are
conducted safely, and to make certain that monitoring strategies and plans to implement
closure are carried out effectively; and

s Researchers, who want and depend on reliable information to predict effects of activities at
oil and gas production sites.

Unconventional Oil and Gas Resources

Unconventional resources are those that cannot be produced economically by employing standard
drilling and completion practices. The term is typically used in reference to oil and gas resources
whose porosity, permeability, fluid trapping mechanism, or other characteristics differ from
conventional sandstone and limestone reservoirs.

Shale oil, included here, refers to oil that can be generated and trapped within shale units. North
American UOG resources exist within diverse geological and geographical settings; shale gas and
tight gas resource distributions are shown in Figure 4 and Figure 5, respectively.

Figure 4: North American Shale Plays (EIA, 2012)
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Coalbed methane, shale gas, fractured reservoirs, and tight oil and gas sands are considered
unconventional resources. However, this Research Framework will only address a subset of
unconventional resources focusing on those rapidly-emerging hydrocarbon resources that are being
brought to the earth’s surface in increasing volumes primarily by the combination of deep horizontal
drilling and hydrofracturing technology: shale gas and tight gas, and shale oil and tight oil, (the latter
two are collectively called “tight oil” for this discussion to avoid confusion between shale oil and oil
shale resources).

UOG resources require the application of specific technologies, such as hydraulic fracturing, to alter
the reservoir condition and enable hydrocarbons to flow to the surface at commercially viable rates.
Unlike conventional reservoirs, unconventional reservoirs, even with the application of advanced
technologies, typically yield a low recovery of resources, and have highly variable and often
unpredictable well performance. UOG resources have been produced safely in the United States for
many decades. However, recent developments in deep horizontal drilling and massive hydraulic
fracturing have resulted in a rapid and significant expansion in drilling activity across the nation.

UOG development is generally infrastructure intensive. Development of each unconventional
resource presents a range of potential environmental health and safety (EHS) issues that can vary in
significance among and within regions based on the geology, geography, and hydrology of the area in
which they occur. This Research Framework is focused on providing information that will help to
prudently develop a valuable resource and ensure safe operations, and through focused scientific
research, enable decision and policymakers to have the best information available to them.

The Framework does not include the entire UOG research portfolio of each agency. For example,
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coalbed methane is an unconventional resource developed through hydraulic fracturing that some of
the Agencies are researching. These efforts are not within the scope of this Research Framework.
While such research is not considered here, this Research Framework does not preclude the
individual Agencies from conducting other unconventional resource research or collaborating with
the other agencies on topics that are beyond the scope of this Framework.

Generalized Life Cycle of UOG Projects
An UOG project undergoes multiple stages of development, which include:

* Geologic and geophysical site selection of well and/or well pad surveying, permitting, and
well site/pad preparation (includes pits and impoundments);

¢ Drilling, completion, and well stimulation operations {fracturing);
s Post-fracturing flowback, pipeline installation, and production operations;

o Well site reclamation and disposal of drilling and flowback fluids and solid wastes, such as
drill cuttings;

¢ Long-term production and disposal of produced water;

¢ Mining sand and gravel, and water resource allocation;

s Operations including product distribution, waste generation, disposal; and
¢ C(losure and abandoning of the well.

Each of these development stages also includes material and personnel transport to and from well
sites. One of the key processes that distinguish UOG activities from conventional activities is the use
of multiple hydraulic fractures to stimulate the production of commercial volumes of oil and gas. The
life cycle for this development can be divided into three phases: pre-fracturing, during fracturing,
and post-fracturing.

Resource characterization and permitting are the first steps necessary prior to well siting and
design. After a site is selected, and permits are issued, well pad construction activities begin. Wells
then are drilled, and completed prior to the hydraulic fracturing step. Horizontal wells enable
greater production at accelerated rates and are necessary in UOG production because of the
relatively low recovery rates without enhanced production technologies.

Completed wells then are subjected to hydraulic fracturing, applied to stimulate production. During
hydraulic fracturing, a fracturing fluid (consisting primarily of water, the fluid also contains
“proppant” material and chemical additives) is pumped under high pressure through the well and
into the UOG formation to create fractures within the target formation that are “propped” open by
the proppant material. (DOE, 2009). The targeted resources (e.g,, natural gas, natural gas liquids,
and oil) are subsequently able to flow through these fractures into the production well. Water is also
produced during the production phase and is composed of a combination of recovered fracturing
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fluid and water already in the geological formation (DOE, 2009).

In addition to well site construction activities, various off-site activities are part of the UOG life cycle.
One activity is mining sand and gravel and production of crushed stone resources that are used to
develop well pad sites; sand is often used as proppant during the hydraulic fracturing stage. Sand
and sandstone mining for proppant can impact communities and water quality. Other off-site
activities include water sourcing, re-use, disposal, and/or treatment, and solids disposal. Some of
these water-related activities may occur at a well site, although potential effects to regional water
resources also need to be considered as part of the well construction and production life cycle.

Potential effects of UOG development activities will differ among and within UOG resource areas due
to the influence of geographic and geological variability, differences in local ecosystems, and
population demographic and densities (e.g., development in urban/suburban versus rural areas).
Understanding the details of the geology and geography, as well as technological requirements is key
to mitigating impacts.

Target Research Areas

The research topics targeted by this Research Framework address EHS concerns associated with
exploration and production phases of UOG activities and is divided into seven broad topical areas of
UOG research needs:

Figure 6: Multiagency Research Topics

Topic1) Unconventional
Oil and Gas Resources
Inform policy decisions

Topic 5) People and Communities
Safeguard human health

Topic 3) Water Availability Topic 4} Air Quality
Reduce, reuse, récycle : Protect the air we breathe ™

Topic 6) Ecological Effects
Protectour natural resources

Topic 2) Water Quality
Protectwuater resources

Topic 7} Induced Seismicity
Understand and mitigate earthquake risks
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Topic 1: Understanding the scale and nature of U.S. unconventional oil and gas resources: This

is a topic area which cross-cuts all other topical areas which are part of the
government’s multi-agency plan.

Topic 2: Water quality: What steps must be taken to protect our water resources from potential
impacts to water quality?

Topic 3: Water availability: What are the requirements to manage competing demands on

water resources whose availability may be affected by UOG development?

Topic 4: Air quality and greenhouse gas (GHG) emissions: What are the relevant research

questions with respect to quantifying and mitigating potential impacts to air quality
from atmospheric emissions and life cycle GHG emissions associated with UOG
development and production?

Topic 5: Effects on people and their communities: What are the research topics that will

enable participating Agencies to understand and mitigate the potential impacts on our
nation’s population and communities?

Topic 6: Ecological effects: What is the research needed to understand and mitigate the

potential impacts to ecological systems?

Topic 7: Induced seismicity: What are the research requirements needed to assess the potential

of UOG to induce seismic events?

Each research area plays a role in understanding the EHS impacts of UOG development.
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Topic 1: Scale and Nature of U.S. Unconventional Qil and Gas Resources

Introduction

Understanding the Scale and Nature of U.S. Unconventional Oil and Gas Resources focuses on
understanding the subsurface conditions and processes that influence potential EHS impacts from
currently exploited UOG basins and potential future UOG resources, as well as mitigating the impacts
of developing these resources. Science-based assessment and characterization of key UOG
reservoirs likely to be developed over the near- to medium-term; volumes of hydrocarbons available
for production (currently and with potential technological evolution); and determination of the role
of variations in geologic, hydrologic, and geographic characteristics in enabling EHS impacts are
needed to. understand the linkages between development practices and EHS impacts and to mitigate
those impacts through technology development

Unconventional resources are sometimes referred to as “continuous” resources, because they are
more homogenously distributed in a geologic unit at a larger spatial scale than conventional
resources. However, as discussed above, unconventional resources cannot be produced
economically through standard drilling and completion practices, and therefore require the
application of advanced technologies, such as hydraulic fracturing (also referred to as
hydrofracturing}, to alter the reservoir condition and enable hydrocarbons to flow at commercially
viable rates. Unconventional resources are commonly regional in extent, have diffuse boundaries,
and are not buoyant on a column of water.

In contrast to unconventional reservoirs, conventional reservoirs are discrete accumulations with
well-defined hydrocarbon-water contacts, where the hydrocarbons are buoyant on a column of
water. Conventional accumulations commonly have relatively high matrix permeabilities, generally
favorable reservoir properties and relatively high recovery factors, obvious seals and traps, and
discrete field boundaries. A schematic of the general differences between conventional and
unconventional resources is found in Figure 7.
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Figure 7: Conventional vs. Continuous {(Unconventional) Hydrocarbon Resource Accumulations
{Modified from Schenk and Pollastro, 2002)
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Unconventional accumulations have very low matrix permeabilities, do not have obvious seals and
traps, are in close proximity to source rocks or are the source rocks themselves, are commonly
under higher pressure than conventional sources, and have relatively low recovery factors (the
percentage of the resource that can be recovered) with existing technologies. Unconventional or
continuous oil and gas accumulations typically include hydrocarbons that occur in tight oil and gas
reservoirs, shale gas and shale oil reservoirs, basin-centered reservoirs, fractured reservoirs, and
coal beds. However, this Research Framework will only address a subset of all unconventional
resources that are being brought to the earth’s surface primarily by the combination of deep
horizontal drilling and hydrofracturing technology: shale gas and tight gas, and shale oil and tight oil,
(the latter two are collectively called “tight oil” for this discussion to avoid confusion between shale
oil and oil shale resources).

Key Science Questions

Understanding the nature and scale of potential EHS impacts from UOG resource development, as
well as mitigating the impacts of developing those resources, requires detailed science-based
characterizations to help answer the following questions:

1) Whatand where are the key UOG reservoirs likely to be developed over the near- and medium-

term?
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2} What are the volumes of hydrocarbons potentially available for production, both currently and
in the future, as technologies improve?

3) Whatare the current and future technologies and practices that will be used to safely access UOG
resources in an environmentally sustainable manner?

4} How do key geologic, hydrologic, and geographic characteristics vary among and within UOG
reservoirs, and how can development practices be optimized in light of this variation to mitigate
potential EHS impacts?

5) What are the possible ranges in the intensity of development of shale gas, tight gas, and tight oil
resources, given assessed resource volumes and uncertainty regarding future market conditions,
regulatory frameworks, and technology development?

These questions are designed to guide research to place site-specific EHS impact assessments in an
appropriate national context, as well as to identify opportunities in which advancement of UOG
development technology and approaches might significantly mitigate the potential for EHS impacts.
In addition to EHS impact assessments, research is required to understand the fundamental geologic
parameters that control the formation and occurrence of UOG resources, such as lithology, geologic
structure and history (pressure/temperature conditions), and existing lithospheric stress
conditions.

Current State of Knowledge

Stimulation/Fracturing Technologies

The use of stimulation/fracturing technologies to access unconventional formations is not new. In
the United States, initial development of shale gas fields began in the 1920s in the Upper Devonian
Huron Shale (Big Sandy Field) of eastern Kentucky and southern West Virginia (Ley, 1935). This
early production was enabled by numerous means of formation stimulation, including explosive
fracturing with gelatinized nitroglycerin. Hydraulic fracturing has also been in practice in vertical
wells for more than half a century, and was first applied to the development of the Huron and other
Eastern gas-containing shales beginning in the 1950s {(Boswell, 1996). Beginning in the mid-1970s,
recognition of very low recovery factors (<10 percent; Brown, 1976; Avila, 1976) and the massive
remaining in-place resources in gas shales in the eastern United States resulted in a research and
development public-private partnership (PPP) including private operators, DOE and the Gas
Research Institute {GRI) to further expand commercial production from the Huron Shale. This PPP
led to advances in deep horizontal drilling, multi-stage fracturing, and slick-water fracturing. The
progressive development, through similar government-industry partnerships, of improved
downhole drilling motors, downhole mud-pulse telemetry equipment, microseismic monitoring, and
other technologies have also played a key role in enabling expanded tight oil and shale gas
production (SCNGO, 2007).

Improvements in today’s shale gas production were provided in the 1980s and 1990s when Mitchell
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Energy and Development Corporation, in cooperation with DOE’s National Energy Technology
Laboratory (NETL), brought deep horizontal drilling and large-scale hydraulic fracturing
technologies together in the Barnett Shale in North-Central Texas. By 2005, the Barnett Shale was
producing almost half a trillion cubic feet per year of natural gas, and the approach was quickly
exported to the Fayetteville Shale in North Arkansas, as well as the Haynesville, Marcellus,
Woodford, Eagle Ford and other shales. A recent newspaper article, co-authored by George Mitchell
(of Mitchell Energy), concluded the use of hydraulic fracturing to produce shale gas is the “...most
significant development in the U.S. energy sector in generations...” (Bloomberg and Mitchell, 2012).

Resource Spectrum

Understanding the potential EHS impacts of UOG development requires knowledge of reservoir
characteristics, as well as the amounts of available resources in different accumulations and how
likely they are to be produced in the near- to medium-term. Resources are commonly divided into
three main categories:

¢ in-place resources, which include all of the gas thought to exist in a given geological zone, is

generally irrelevant to the discussion of production potential (particularly with respect to
unconventional resources) other than to provide a theoretical upper bound;

¢ technically recoverable resources (TRR) which describe the volumes available for

production using known technologies, but without specific regard to commercial viability;
and

¢ economically recoverable resources (ERR} which is that sub-set of TRR that can be

developed profitably given prevailing market conditions.

Current and Future Production

In the past decade, shale dry gas (consisting primarily of methane) production in the United States
has grown from 0.39 trillion cubic feet {TCF) in 2000 to 4.80 TCF in 2010, (23 percentof U.S. dry gas
production). The Energy Information Administration’s (EIA) latest projection suggests shale gas will
approach one-half of total U.S. gas production by 2035 (Figure 8) and that shale gas and tight gas will
combine to provide 70% of total production.
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Figure 8: U.S. Natural Gas Production History and Projections from 1990-2035, in TCF (EIA, Annual
Energy Outlook, 2012}
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Even with the significant growth in the production of these unconventional resources, much has yet
to be learned about them, and it is important to remember that each reservoir behaves differently
and has unique characteristics. There is a great deal of uncertainty associated with the information
regarding these resources - resource assessments, forecasts of growth, what effect these resources
will have, how they will behave, how long reservoirs will be productive, and so on. For example, the
EIA’s assumptions (Annual Energy Outlook, 2012) for per well productivity continue to evolve,
recognizing much wider possible ranges in well performance, as well as typically lower Estimated
Ultimate Recovery (EUR) than prior estimations. Furthermore, such substantial revisions, both
positive and negative, should be expected, as the first substantive drilling information from
emerging basins becomes available and many key factors, such as recovery factors, the potential
areal variability in well performance, the impact of sustained low prices, and the potential impact of
future technology becomes better understood.
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Resource Assessments

Assessing future production volumes and their potential location requires detailed regional analysis
of resource size. The USGS assessments provide estimates of the TRR within key plays of onshore
and state waters of the U.S. The Bureau of Ocean Energy Management (BOEM) provides the same
type of assessments for the nation’s Outer Continental Shelf {OCS). These assessments provide
information on the ultimate productive geographic areas and hydrocarbon volumes expected,
assuming development occurs with technology and practices similar to those used currently. Other
organizations produce resource estimations of varying types, including estimates of all the resource
that may be present in known formations (in-place resources); however, these are typically not
conducted in the rigorous, consistent, and transparent manner needed to guide decision making.
Assessments of gas in-place are often the cause of confusion, especially given the historically low
recovery typical of unconventional resources. Consequently, these assessments can be expected to
significantly overstate resources realistically available from any given play.

The USGS produces resource assessments of both conventional and unconventional oil and gas
resources. However, given the increasing pace of UOG development, attention has been focused of
late on these UOG resources and their potential development impacts. Maps showing undiscovered,
technically recoverable unconventional oil resources, shale gas, and tight gas can be found in Figure
9 through Figure 11, below. There are no estimates of UOG resources offshore in the U.S. OCS.

Figure 9: Mean Estimates of Undiscovered, Technically Recoverable Unconventional Oil Resources in
the United States
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Figure 10: Mean Estimates of Undiscovered, Technically Recoverable Shale Gas Resources in the United
States
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Figure 11: Mean Estimates of Undiscovered, Technically Recoverable Tight Gas Resources in the United
States
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Reserve Estimates

The EIA surveys approximately 1,200 domestic oil and gas operators annually, and this serves as the
basis for estimates of U.S. proved reserves of crude oil, natural gas, and natural gas liquids. The EIA
reports specifically track the impact of drilling, production and price changes on reserves in six
major shale gas plays (Barnett, Haynesville /Bossier, Fayetteville, Woodford, Marcellus, and Antrim).
Atthe end 2010, shale gas reserves totaled nearly 100 BCF.

Research Needs: Topic 1 (Understanding the Scale and Nature of UOG)

Table 10: Research Needs - Understanding the Scale and Nature of UOG

Line of Research Need Participating Agencies
(lead in bold)

Resource Estimate Technically-Recoverable Resource (TRR): DOI

Assessment Identify where additional assessment is needed, gather

and analyze data, and report findings.

Conduct Reserve Assessments: Estimate current DOE
reserves for key plays/regions to predict future
production amounts and determine what plays are likely
to be developed over the near- and mid-term in line with
the mission of the Energy Information Administration
(EIA). This information will be useful in long-term
planning of domestic resource production and can help
in estimating allocation of resources for permitting, R&D,
etc.
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Characterize Scale/Timelines of Development: Analyze | DOE, DOI
TRR in context of economic factors, industry capacity,
and developing technology to determine potential
intensity of future drilling activity.

Development Characterize Linkages among UOG Development DOE, DOI, EPA
Impact Processes, Variable Geology, and EHS Impact
Pathways: Conduct field and laboratory studies at
varying scales to understand how UOG development in
different reservoirs with different geologic
characteristics influences EHS impacts. Studies would
include geologic characterization and 3-D geologic
mapping, reservoir performance data, in-situ (surface
and underground} data collection, and other topics as
developed. Map 3-D geologic frameworks in critical
areas, conduct fracture analysis, and produce an atlas for
continuous hydrocarbon resources of the U.S.

Study interaction between UOG development and DOE, DOI
variable subsurface environment (various geological and
engineering parameters).

Characterization

Resource Foster Technology Development for EHS Impact DOE
Management Mitigation: Identify opportunities where new
approaches can reduce the environmental footprint of
gas/oil production, either through the development of
smarter and smaller stimulations, more streamiined
well/field development designs, or improved controls
technology. Reduced land, air, and water impacts are
expected outcomes.

Understand Long-Term Implications of UOG DOE, DOI
Development on Co-Located Subsurface Industrial
Activities or Resources: Understand impacts of
pervasive change in subsurface environment and
geologic systems resulting from natural hydrocarbon
leakage and to future large-scale activities such as carbon
storage.

Summary of Topic1

DOI and DOE historically have played complementary roles in advancing the public knowledge of
recoverable resource volumes and associated research areas. Fundamental to understanding EHS
effects of UOG development is the need for an improved understanding of the extent of UOG plays
and volumes of resource potential within them, as well as detailed understanding of the geologic
conditions of the reservoirs and characteristics of the interaction between those reservoirs and the
development process.

The DOI’s core capability in geologic characterization and recoverable resource assessment will be
applied to key plays of onshore and state waters nationwide. For example, DOI will collaborate with
the State Geological Surveys to prepare geologic maps that will improve our understanding of the
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structural and stratigraphic relationships that control, in part, UOG occurrences and potential
pathways for fluid flow. Studies such as these will be a key input to DOE’s collaborative activities
with the private sector in technology development. Both agencies will collaborate in key/priority
basins where resource assessment and geologic characterization is most needed to enable a better
understanding of the potential future scale of UOG development and where detailed studies can
provide insights into the manner in which development practices interface with variable subsurface
conditions to create harmful EHS impacts. The insights gained from these studies will provide
guidance for technology development to mitigate those impacts.

DOE, with the support of its EIA will focus on information related to current reserves and projections
of future production. DOI, on the other hand, will be the primary source of technically recoverable
resource assessments as well as many of the key geologic and engineering parameters that enable

production forecasts.
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Topic 2: Water Quality

Introduction

This research topic focuses on understanding the near-term and long-term water quality impacts of
UOG production on surface and groundwater resources. This research addresses the implications of
pollutants associated with UOG production and waste byproducts interfacing with the nation’s water
resources. This will include research on pollutant measurement and modeling to understand fate,
transport, and migration through surface water, hydrogeologic structures, and geochemical
processes, as well as the development and promotion of technologies to mitigate water quality
impacts through prudent well design to ensure wellbore integrity and early detection of
unanticipated leakage.

For the purposes of this Framework, the term “water quality” refers to the biological, chemical, and
physical conditions of a body of water. The body of water may be on the surface (e.g, lakes, streams,
rivers) or below the surface (e.g, aquifers). Improper well construction and wellbore integrity can
lead to contamination of these bodies of water. Changes in water quality can have direct and indirect
effects on ecosystems and human well being. Many of the public concerns regarding UOG production
revolve around concerns regarding the likelihood and potential significance of impacts on water
quality. This chapter describes the key research needed to address such concerns.

Key Science Questions

The following are key science questions related to water quality impacts associated with UOG
activities that need to be addressed:

1) What changes in water quality resulting from the UOG production life cycle are most likely to
affect water system sustainability?

2) Where are those changes most likely to occur?

3) What practices, technologies, or actions would make the UOG-water system more
sustainable, i.e., reduce/prevent future significant changes to key water quality parameters?

4} Whatactions can be taken to mitigate or remediate instances where UOG operations have
already or will impact water quality?

In this context, “changes” include basic water quality parameters, such as flow volume, temperature,
pH, conductivity, turbidity, sediment load, nutrient loadings, and dissolved inorganic carbon, as well
as the presence, fate, and transport of chemical, microbial, or biological contaminants. Contaminants
may be constituents of water associated with UOG production, such as flow-back or production
water, or may be naturally occurring elements mobilized by changes in chemical conditions caused
by intrusion of UOG-production-associated water into natural water bodies (e.g., arsenic associated
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with aquifer solids mobilized by organics or other reduced compounds in the flow-back or
production water).

Changes may be quantified in terms of magnitude, temporal, or spatial distribution. “U0G
production” includes the entire cycle of UOG operations, i.e., construction of infrastructure (road and
pipeline networks, drilling pads, holding ponds, power plants), operations (traffic, drilling, worker
activity), fluid mixing, injecting/fracturing, water capture/holding/reuse/transport,
treatment/disposal of hydraulic fracturing (HF) water, and other HF materials. “Water system
sustainability” includes environmental, economic, and social impacts {including public health).

All industrial systems are subject to occasional accidents and failures, even when best practices are
followed. The research associated with Key Science Question 4 above should focus on how to best
prepare and respond to system failures when they do occur so that damage to water quality can be
minimized. This research will address the issues that are often of greatest concern to local
populations who want to know what possible changes to water quality and quantity are most likely
to occur in their particular locale. This research should also investigate how UOG production can
best be done in a manner that avoids adverse impacts on water quality. Emphasis should be placed
on developing sets of recommended practices and development of new technologies applicable to
different environmental conditions in order to enable the safe and sustainable extraction of UOG
resources while avoiding or minimizing unintended consequences.

Current State of Knowledge

There is a large and growing body of scientific literature relating to the existence and magnitude of
impacts of UOG production on water quality. Most research-to-date has focused on observational
studies looking for evidence of association between UOG operations and impacts to water quality.
For example, Osborn et al. (2011) analyzed groundwater samples from 68 private water wells in
northeastern Pennsylvania and upstate New York and reported an association between active UOG
operations and methane contamination of drinking water. Molofsky et al. (2011) later examined
water samples from 1,700 wells in the same area of Pennsylvania and found that methane was
statistically more likely to occur in water wells located in valleys. Assuming that valleys are located
in areas where the underlying strata are more fractured (and more erodible}, Molofsky and his
colleagues offer an alternative suggestion that natural fractures, not UOG activities, are responsible
for methane detected in these wells. Warner et al., (2012) suggested there is other geochemical
evidence for natural upwelling of deep waters along fractures. Analyses of the water quality of some
produced waters show that the radium content of oil- and gas-field produced waters in the northern
Appalachians (particularly the Marcellus Shale) have elevated levels of salinity and radium (Rowan,
etal,, 2011). The occurrence of methane in water wells is a growing public concern. Studies of
carbon and hydrogen isotopic evidence for the origin of combustible gases in water supply wells in
north-central Pennsylvania have been conducted by Revesz, et al. 2010.

Data tying contamination directly to UOG operations is limited. Some of the most recent research
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articles are published in highly regarded journals (e.g.,, Entrekin etal. 2011, Warner etal. 2012) and
EPA documents highlighting to Dimock, Pennsylvania and Pavilion, Wyoming have received a great
deal of attention because there are very little other data available. Entrekin’s research established
that construction effects are degrading water quality and Warner ascertained that the UOG in
Pennsylvania is occurring in a region with greater risk to drinking water.

Rozell and Reaven (2011) assessed the risk of water pollution associated with different steps in UOG
operations and concluded that wastewater management posed the greatest potential risk to water
quality. Researchers have examined other potential pathways of water quality impacts including
spills on site, leaks through wellbores during the fracturing process, migration of fracturing fluids or
deeper formation brines through natural or artificial fissures connected to groundwater supplies,
leaks or spills of flowback and produced water returned to the surface, and impacts of wastewater
when returned to the natural environment.

Due to the direct discharges of produced water in the western United States,, the Bureau of
Reclamation’s (BOR) Technical Service Center gathered data from publically available sources to
describe the water quality characteristics of produced water, performed an assessment of water
quality in terms of geographic location and water quality criteria of potential beneficial uses,
identified appropriate treatment technologies for produced water, and described practical beneficial
uses of produced water (BOR, 2011). Produced water quality varies significantly based on the
geographical location, the type of hydrocarbons produced, and the geology and geochemistry of the
producing formation. In general, the total dissolved solids {TDS) concentrations are from 5,000
milligram per liter (mg/L) to 100,000 mg/L, but can range from 100 mg/L to over 400,000 mg/L
compared to EPA’s Secondary Maximum Contaminant Level (SMCL) of 500 mg/L. Silt and
particulates, sodium, calcium, chloride, and bicarbonate are the most commonly occurring dissolved
inorganic constituents in produced water. Benzene, toluene, ethylbenzene, and xylenes (BTEX) and
polycyclic aromatic hydrocarbons (PAHs) compounds are the most commonly occurring organic
contaminants in produced water {Kharaka and Hanor, 2007). The types of contaminants found in
produced water and their concentrations will dictate the most beneficial use, if any, and the
appropriate type, degree, and cost of treatment required.

Critics of these and similar studies contend that observational and theoretical studies are not
sufficient to prove cause-and-effect relations between UOG operations and adverse outcomes to
water quality. However, conducting properly designed experiments in the classical sense would
require randomization, controls, and consideration of confounding factors such as seasonal,
geologic, and climatic variation. Careful design of observational studies can help control for
confounding factors, supporting causal inference. For example, the EPA is currently conducting a
study of the potential effects of UOG operations on drinking water (U.S. EPA, 2011). One component
of the EPA study plans to use case studies of UOG operations conducted in cooperation with DOE,
USGS, State agencies, and UOG companies who will allow water quality monitoring before, during,
and after hydraulic fracturing operations. Pairing these measurements with those from a similar
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location that does not experience hydraulic fracturing can provide particular case-specific data
regarding effects to water quality from a known source under a best-case scenario.

Currently, DOE is executing a multifaceted research plan to: 1) characterize the chemical and
microbiological transformations that occur in produced water during on-site storage, 2} detect and
mitigate unwanted migrations of produced water in the near-surface environment (spills) and at
depth (zonal migration), 3) investigate the chemical stability (permanence} of produced water
treatment sludge and drill cuttings when disposed in landfills, 4) develop large-scale survey methods
to locate existing oil and gas wells that, if inadequately plugged, can provide a conduit for the rapid
vertical migration of produced water, and 5) evaluate the effectiveness of current methods of
protecting groundwater from contamination during various stages of UOG operations {drilling,
casing, cementing, and production). The DOE and its Regional University Alliance (RUA) partners are
identifying natural tracers in produced water that permit these waters to be detected when
commingled with surface waters and underground sources of drinking water. The DOE is also
developing novel geochemical tracer techniques for monitoring water contaminants. This timely
research can assistin accurately determining or tracing a particular water contaminant to the right
source.

The USGS is actively developing a monitoring tool with the ability to measure methane and other
volatile hydrocarbons in streams in order to detect changes due to UOG operations. The technique
recently was piloted in a multi-day experiment in Utah. This research has focused on using in-stream
measurements to determine the quantity (Heilweil et al., 2012}, timing (Sanford et al., 2012}, and
source (Revesz et al,, 2012} of the methane that is dissolved in groundwater discharging to the
stream. As dissolved methane and other volatile gases including hydrocarbons and environmental
tracers exsolve (separate at a critical point in temperature) into the atmosphere, ongoing research
has been focusing on understanding the timing of this degassing within various stream
environments (Solomon etal,, 2006; Stolp et al,, 2010). Streams act as an integrated signal in time
and space for changes in water quality throughout the entire watershed. Being able to detect
changes in various concentrations in a stream can improve our ability to detect changes and their
potential sources before the site of the release is even discovered can thus serve as a powerful
monitoring tool. In addition, the isotopic signature of the methane in the stream or wells can be used
to distinguish biological from thermogenic sources (Osborn etal,, 2011).

Research Needs: Topic 2 (Water Quality)

Table 11: Research Needs - Water Quality

Line of Research Need Participating Agencies
(lead in bold)

Determine The Conduct state of science assessments, review literature, | DOE, DOI, EPA

Impact of Well and determine research gaps.

Injection And Continue retrospective and prospective case studies. DOE, DOI, EPA

DEPARTMENT OF ENERGY
DEPARTMENT OF THE INTERIOR
PAGE 50 ENVIRONMENTAL PROTECTION AGENCY




Quality:

Conduct monitoring and modeling to establish
pathways for well injection-groundwater connections.

DOE, DOI, EPA

Develop analytical methods for the detection of selected
chemicals reported to be found in HF fluids or
wastewater.

Conduct geochemical analyses of UOG produced waters
to determine the occurrence of and geologic controls for
salinity and naturally occurring radioactive materials

DOE, DOI, EPA

Assess Wellbore
Integrity to
Minimize
Contamination:

Identify materials for improved wellbore design and
construction to enhance environmental performance of
wellbores.

DOE, EPA

Apply computer models to explore the potential for gas
or fluid migration from incomplete well cementing or
cement failure during hydraulic fracturing nearby wells
and existing faults.

DOE, EPA

Develop Area of Review methodology for horizontal
drilling. The Area of Review {AoR) is the area (on a
map} that is impacted by production operations, which
determines the potential environmental impact regions.
Methods for determining AoR for vertical wells are well
established, but a corresponding methodology for
horizontal wells does not exist.

DOE, EPA

Technology
Development

Develop mitigation technologies for water reuse and/or
recycling in order to reduce the amount of water
requiring disposal through injection.

DOE

Identify and Model
Water Quality
Changes Associated
with UOG Life
Cycle:

Examine UOG impacts on groundwater and surface
water quality.

DOE, DOI EPA

Identify tracers that can be used to document hydraulic
fracturing impacts on groundwater and surface water.

DOE, DOL EPA

Establish baseline monitoring for surface water and
groundwater quality and stray gas.

DOE, DOL EPA

Determine the relative source contributions and
environmental pathways for contaminants associated
with UOG produced and flowback wastewater.

DOE, DOIL EPA

Investigate the
Transport and Fate
of UOG
Wastewater:

Inventory current transport and fate volumes; develop
methods to detect contaminants in UOG wastewater and
receiving environmental waters.

DOE, DOI, EPA

Study impacts of direct discharge on beneficial uses.

DOE, DOI, EPA

Test the efficacy of wastewater treatment technologies.

DOE, DOIL, EPA

Conduct Source Apportionment and Bromine
Disinfection By-Product (Br-DBP) Precursor Studies.

DOE, DOI, EPA

Predicting/
Responding to
System Failures

Systems analysis to assess, predict, prevent system
failures (e.g. wellbore failure, existing wellbores).

DOE, DOI, EPA

Effective practices for responding to system failures
(e.g. mitigating leakage pathways) to ensure the impacts
from such failures are minimized.

DOE, DOI, EPA
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Summary of Topic 2

The DOE, DOI, and EPA all possess core capabilities in evaluating the effects of UOG development on
water quality. Through this Framework ,they will collaborate on addressing main research needs
related to changes in water system sustainability, locations where water quality changes are most
likely to occur, preventive actions to preserve water quality, and mitigation measures for
remediation of water resources affected by UOG development.

The DOE'’s capabilities in systems-level integrated assessments require an understanding of
produced and flowback water quality and knowledge of groundwater and surface quality changes
due to UOG development. DOE is executing a multifaceted research plan to increase scientific
understanding of the relationship between UOG development and potential hazards to drinking
water, including microbiological transformation in on-site storage, migration of produced water,
chemical stability of waste products, and other topics. In addition, DOE has capabilities to develop
new technologies aimed at improving wellbore integrity, casing, and cementing that will assistin
preventing accidental release of contaminants to groundwater.

DOI’s capabilities in characterizing produced and flowback waters and determining baseline water
quality conditions aligns well with EPA’s focus on measuring and modeling surface and groundwater
quality, environmental characterization, and quality control of samples. This Research Framework
incorporates existing EPA water quality research project findings. EPA is leading a study of the
potential effects of UOG operations on drinking water to include case studies of UOG operations
conducted in cooperation with industry participants.

In addition, DOE and EPA collaboration to develop water treatment technologies and water
remediation techniques will aid in developing preventive tools for protecting water quality and
mitigating effects of UOG development. This work will best proceed as a partnership involving those
federal and state agencies responsible for planning and overseeing environmental cleanups, along
with the various private sector environmental engineering companies engaged to conduct

operations.
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Topic 3: Water Availability

Introduction

This topic focuses on understanding water accessibility from surface and groundwater resources for
multiple uses such as drilling and hydraulic fracturing for UOG.. Topical research will include how
UOG activities affect water availability, the settings and timeframes in which these changes may
occur, the magnitude of the impacts and the aspects of water quality that are affected, and any
actions (such as best practice recommendations and new technology development) that may be
taken to mitigate the potential impacts.

Key Science Questions

There are several key science questions related to the consequences of UOG activities on water
availability that need to be addressed:

1) Whataspects of UOG activities affect water availability?

2} Where (in what settings) and when will those effects mostlikely occur, and how long do they
persist?

3) Whatis the magnitude of these impacts, and what aspects of water availability are affected?
4} Whatactions can be taken to mitigate these potential impacts?

These questions are designed to guide research toward the development of information needed to
make astute decisions regarding UOG operations and water availability. In this context, water
availability means the right amount of water at the right time and of the right quality to meet human
and ecological needs. It follows that there are strong linkages among water availability, ecological
effects, and water quality, and research on these three topics that will need to be closely coordinated.
Moreover, water availability includes both the water withdrawn from surface sources and/or
groundwater sources for operations together with the water produced from aquifers and brought to
the surface during the production phase of UOG operations. In this context, produced water includes
both formation water and flowback water (return of injected water to the surface when injection
pressure is released). Information on produced water is important from a water availability
perspective because: 1) produced water can be treated and used in subsequent HF operations,
thereby reducing freshwater withdrawals, and 2) produced water can be treated and returned to the
environment, thereby playing a role in the local water budget.
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Current State of Knowledge

Research on the environmental risks of UOG operations is particularly lacking in the area of water
availability. Surface water and groundwater monitoring networks exist for water availability and
quality, but these are not always in the right locations for UOG activities. Limited data have been
compiled for the development of regional hydro-geologic frameworks. Requirements are evolving
for the type of water supply needed for hydraulic fracturing (potable vs. non-potable, salty vs. fresh),
but virtually no assessments have been conducted on the availability of these lower-quality water
resources.

The amount of water used and produced in UOG operations is a function of the type of hydrocarbon
formation (e.g, shale, tight sands), the geographic location of the resource (including regional
climate and competing water demands), and the method of production (e.g., injection-fluid
properties and well construction and design) (GAO, 2012). Impact assessments of UOG operations
on various aspects of water availability have been conducted in a limited number of locations,
notably in the Appalachian Basin {Soeder and Kappel, 2009) and in Texas (Groat and Grimshaw,
2012; Nicot and Scanlon, 2012). Results from these studies are useful for the specific location in
which the study was conducted but are difficult to generalize to other locations because of variations
in the types of data collected and the methods used in collection. The impacts of UOG operations on
water supplies will also be influenced by regional climate (i.e., arid or moist}, local hydrologic
conditions, such as drought, and other demands on the water supply. These and other factors must
be considered in an assessment of water availability.

A few reports have been published on the amounts of water required for shale gas hydraulic
fracturing, volumes recovered as flowback fluid, and the consumptive loss of fracking water that
remains downhole, but there is a dearth of information for tight/shale oil plays. Development of
predictive tools has not advanced much beyond estimates based on previous experience. Finally,
with respect to mitigation measures, a very limited amount of research has been conducted. There
are some industry data on water supply and disposal practices, as well as limited data from the
Environmentally Friendly Drilling program.

Research Needs: Topic 3 (Water Availability)

Table 12: Research Needs - Water Availability

Line of Research Need Participating Agencies
(lead in bold)

Water Resources | Provide Supporting Water Resources Information: DOE, DOI, EPA

Data Collection Support streamgage baseline monitoring in States

where UOG production is ongoing and/or planned.
Collect baseline information in three case study areas
(Marcellus Shale, Barnett Formation, and Bakken Shale}
on water resources before, during, and after UOG
operations
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Provide Supporting Water Resources Information:
Develop regional hydrogeologic frameworks and
identify sources of lower quality water to be used in lieu
of fresh water in development activities.

DOE, DOI, EPA

Provide Supporting Water Resources Information:
Compile published information on withdrawals,
including ancillary data.

DOI EPA

Design and implement a program to provide consistent
information to assess effects of UOG operations.

DOE, DOI, EPA

Water Withdrawals
and Produced
Waters

Develop Water Budgets: Develop complete water
budgets for sub-watersheds in each of the three case
study areas, accounting for withdrawals, discharges to
streams and groundwater, and produced waters.

DOE, DOI

Update produced water databases to better allow
fingerprinting of the produced water to definitively
determine whether contamination in groundwater or
surface water comes from UOG flowback water.

DOE, DOI

Collect and geochemically fingerprint time-series fluid
samples from three case study areas to develop a
methodology that can be extended to many locations
where data is known.

DOE, DOIL EPA

Tools and
Resources

Develop Predictive Tools: Develop statistical models for
estimating the amount of water required for UOG
operations.

DOI, EPA

Develop Predictive Tools: Develop statistical models to
predict volumes of flowback fluids and produced
waters.

DOI, EPA

Develop a regional hydrogeologic framework for each of
the three case study areas.

DOE, DOIL EPA

Develop coupled groundwater-surface water models for
each of the three case study areas.

DOI

Predict the combined effects of water withdrawals and
discharges of produced waters.

DOI

Mitigation
Measures

Summary of Topic 3

Develop Innovative Mitigation Technologies: Develop
hydraulic fracturing technologies that require less water
consumption and /or alternative waterless technologies.

DOE, EPA

Through ongoing interactions among the three Agencies, research relating to water availability will

be coordinated with research on water quality and human and ecosystem effects to develop a

comprehensive picture of the environmental, public health, and community impacts associated with

UOG operations. Coordination and flexibility also will be required in order to adjust this research

plan to new data and information on UOG activities and water availability. All three Agencies have

tabase projects relevant to water resources: DOE Energy Data Exchange (EDX). USGS National Water
Information System {(NWIS), and EPA Storage and Retrieval database, (STORET).

The USGS Cooperative Water Program supports baseline studies on water availability and quality in
a number of states where significant UOG plays have been identified. The DOE is supporting site-
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specific studies to provide supporting water-resources information. This will include identification
of potential impacts of hydraulic fracturing water withdrawals on paired watersheds and
assessments of shale gas drilling activity on runoff and stream flow. Ambient water quality
monitoring by states and tribes, some of which is supported by the EPA, provides an additional
source of background information on water resources.

USGS will lead efforts on stream gage monitoring, mapping, estimating, and managing water
resources. DOE will lead efforts to develop technologies to reduce the impact of unconventional oil
and gas development on water resources, both by reducing or eliminating the use of fresh water in
hydraulic fracturing, and by improving the recycling of flowback fluids.
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Topic 4: Air Quality and Greenhouse Gas Emissions

Introduction

This topic focuses on identifying, monitoring, and mitigating UOG production’s impact on air quality
and the emission of GHG. This research area intends to improve the scientific understanding of the
rate of generation and fate of air pollutants that can impact regional air quality, contribute to GHG
emissions. An additional goal of this research is the development of appropriate mitigation
strategies. Stakeholder partnerships that support improved monitoring, measurement protocols,
and data analysis will also be developed.

Key Science Questions

The following are key science questions related to air quality impacts and GHG emissions associated
with UOG activities that need to be addressed:

1) What are the criteria pollutant, HAP, and GHG emissions of UOG activities relative to existing
conventional oil and gas operations?

2) Whatare the impacts of UOG activities on site, local, and regional air quality?

3) What practices associated with UOG activities contribute to human and environmental
exposures to air pollutants?

4} Whatare the acceptable levels of these impacts, and what technologies and operational
approaches can be adopted or developed to prevent their occurrence and to address these
impacts when they exceed these levels?

These questions are designed to guide the research toward the development of information needed
to make informed decisions regarding UOG operations. Five lines of investigation have been
identified to address these key science questions: 1) source emissions characterization; 2} ambient
air measurements; 3) air-quality modeling; 4) exposure assessments; and 5) mitigation practices
and technologies. These lines of investigation are described in more detail below.

Current State of Knowledge

There are significant gaps in the knowledge base of air pollutant and GHG emissions from UOG
operations, their incremental impacts on air quality and exposures, and their potential risks to
human and ecological health. There is, however, a growing base of information on emissions and
activity data that is reported to the EPA GHG Reporting Program (U.S. EPA, 2010), the New Source
Performance Standards for oil and gas operations (U.S. EPA, 2012a), and from a growing body of
research studies sponsored or conducted by industry, academia, and government.

There have been considerable efforts to understand the GHG emissions over the UOG life cycle from
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resource development through end use, including those by Howarth, etal,, 2011; Alvarez et al,, 2012;
Cathles, 2012; Weber and Clavin, 2012; and Skone, 2011. Numerous studies have evaluated ambient
concentrations of pollutants associated with unconventional and conventional oil and gas
operations, among which are the Colorado Department of Public Health and Environment and
Agency for Toxic Substances and Disease Registry 2008; Lazor 2010; and Eastern Research Group
and Sage Environmental Consulting, 2011.

Several studies have focused on exposure and health risk, including those by the Colorado
Department of Public Health and Environment and Agency for Toxic Substances and Disease
Registry, 2010; Zielinska et al., 2010; Ethridge, 2011; McKenzie etal., 2012. Several studies of air
quality emissions from oil and gas operations have also been published, including Modrak et al,,
2012; Pétron etal,, 2012; and Thoma et al,, 2012. However, neither emissions nor the air quality
impacts of upstream oil and gas operations have been as well-characterized as other sources, such as
electric power generation, and many opportunities remain to improve our understanding of the air
quality impacts of these activities.

There is a need for additional emission measurements that provide robust information about how
emissions may change under differing production and operating conditions {e.g., wet gas vs. dry gas,
and use of “green completion” techniques). Measurements that can be used to improve and verify
emission models for sources such as storage tanks and impoundment ponds are also needed.

Ambient air quality measurements are needed to better characterize the composition and amounts
of air pollutants and the pattern of variability in those pollutants that occur over the course of
drilling and UOG production activities. Ambient measurements are also needed to evaluate how
source emissions contribute to ambient pollutant concentrations and for sources such as diesel
emissions that are not amenable to source testing.

There are no known studies that have modeled the local and regional air quality impacts of UOG
operations, which leaves a significant gap in our understanding of air quality impacts. Studies of
exposures and health risks associated with air pollution from UOG operations are currently limited.
Those that are available point to the need to include modeling of short- and long-term exposures as
well as collection of site, area, residential, and personal exposure measurements data and data
needed for modeling, particularly for peak short-term emissions (McKenzie etal., 2012).
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Research Needs: Topic 4 (Air Quality and Greenhouse Gas Emissions)

Table 13: Research Needs - Air Quality and Greenhouse Gas Emissions

Line of Research Need Participating Agencies
(lead in bold)
Air Quality Air Quality Modeling: Perform exploratory air quality EPA
Modeling modeling to evaluate potential changes in regional ozone
and PM.
Apply source-receptor modeling. EPA
Near-source dispersion modeling of HAP/VOC EPA
concentrations.
Modeling to estimate effects on regional air quality. EPA
Source Emissions | Source Emissions Measurements: Measure VOCs/HAPs DOE, EPA
Measurements from well completions and surface impoundments.
and Controls Source Emissions Measurements: Apply source- DOE, EPA
receptor modeling to estimate contributions from UOG
activities.
Support Development of Engineering Controls, DOE, EPA
Technologies, and Strategies for Emissions Control
during UOG Operations: Conduct measurement
activities to provide information on performance of
control technologies and practices.
Support Development of Engineering Controls, DOE, EPA
Technologies, and Strategies for Emissions Control
during UOG Operations: Collaborate with industry and
others to move promising control concepts to
demonstration stage.
Support Development of Engineering Controls, DOE, EPA
Technologies, and Strategies for Emissions Control
during UOG Operations: Support evaluation of improved
technologies and practices through field demonstrations.
Develop source “fingerprints” for source-receptor DOE,EPA
models.
Improved emission models for tanks and ponds. DOE,EPA
Investigate emissions of inorganic compounds. DOE, EPA
Characterize emissions of NOx, PM, and VOCs from diesel | DOE, EPA
engines.
Ambient Air Ambient Air Measurements: Measure near-source DOE, DOL, EPA
Measurements ambient VOC/HAP levels.
Measure ambient concentrations of HAPs/VOCs at DOE, EPA
critical locations (e.g, schools, residential areas, etc.).
Measure regional ambient ozone and PM concentrations. | DOE, DOI, EPA
Assessment of Exposure Assessment: Perform scoping evaluation of EPA
Exposure to UOG- | potential for exposure to VOCs and HAPs near UOG
Related Air operations.
Pollutants In-depth exposure modeling. EPA
Investigate potential exposures from indoor sources. EPA
Air Pollutantand | Emission Mitigation: Assess the current capabilities of DOE, EPA
Greenhouse Gas control strategies and measures to reduce emissions
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from UOG operations, including extent of current use,
Mitigation costs and performance, availability and applicability, and
operational benefits and challenges.

Revise emissions estimates for life cycle analyses with DOE, EPA
knowledge of uncertainty parameters.

Summary of Chapter 5

Air quality research will be coordinated with other investigations enabled through this Framework
to develop a comprehensive picture of the environmental and public health impacts associated with
UOG development. Agency coordination will require development of detailed research activities
that account for differences in operations and conditions in the various resource plays, variations in
human population proximity, characteristics, and ecosystem types.

EPA is the lead agency for air quality research. For ambient air measurements, EPA brings core
capabilities in source emissions measurements; air quality, source receptor, and exposure modeling;
and analyses of ambient samples.

DOE'’s capabilities include a highly-instrumented, mobile sampling trailer that can be quickly
transported to locations of interest. In air quality modeling activities, expertise from both DOE and
DOI will be needed to evaluate possible air quality impacts associated with such future development.
For exposure modeling and measurement activities, DOE and DOI can provide information based on
their competency areas to help guide the EPA exposure assessment studies.
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Topic 5: Effects on People and their Communities

Introduction

This topic focuses on identifying, characterizing, prioritizing, and monitoring both the potential
human health effects on community and worker populations as well as impacts on the community’s
well-being. This section is broadly separated into two major research areas: 1) Human Health Impact
Research Needs; and 2) Community-scale Impact Research Needs. The objectives of the first
research area are to improve our understanding of the potential human health effects, and to identify
and fill data gaps within this area. The objectives of the second research area will focus on
understanding the social, economic, and psychological impacts due to UOG development, how these
impacts affect communities, and methods to mitigate these impacts.

Overall the research will focus on examining and assessing completed, on-going, and newly
proposed and approved research. This research will inform risk and sustainability assessments for
safely managing the development of UOG resources and communicating these risks in a community
setting. In addition, this research builds upon data and knowledge from the air quality, water quality,
and water availability research areas and relevant toxicology, in conjunction with human health
research, to assess potential human health risks and to understand, prevent, and mitigate potential
environmental health risks that are realized on a regional scale. Research in this area will also
contribute to a comprehensive understanding of how changes brought about by UOG activities can
affect not only the health of community residents and and UOG workers but also a community’s
infrastructure, services provision, its local government, and overall quality of life..

Outputs of this research will help to identify areas for future scientific inquiry and provide
information to support the roles and decision making of federal public health agencies, industry, and
state and local governments and agencies. Research will also address topics related to
understanding socioeconomic impacts and benefits realized by communities, and methods to
mitigate these.

Key Science Questions

Human Health Key

Of highest priority is identifying the key research related to understanding the potential community
and worker human health effects associated with UOG activities. The key science questions and
drivers are:

1) Whatare the current data and knowledge gaps with respect to exposures, toxicology, and
human health effects research? How is human health and risk information collected,
communicated, and perceived by impacted communities and workers?
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2} What changes in water quality, water availability, air quality, local surface soils, and other
environmental media as well as other changes in the physical environment (e.g., traffic,
noise, seismic activity, etc.) from UOG production activities are most likely to impact human
health?

3) What are the exposures, including complex mixed exposures, and hazard scenarios that are
likely to occur within human populations exposed to UOG production activities?

4} What populations and lifestages are the most likely susceptible to exposure and hazard as a
result of UOG production activities?

5) Whatis the current best practice for evaluating potential risk associated with all stressors
from all sources as a result of UOG production activities? Is this approach applicable to assess
potential exposure scenarios associated with UOG production activities?

Community Scale

The following are key science questions related to community scale impacts associated with UOG
activities that need to be addressed:

1) Whatare the demographic and economic changes associated with UOG development?
2) How does the life cycle of UOG production activities impact local and regional economies?

3) How do UOG production activities impact local governance, infrastructure planning, and
social service provision?

4} Whatare the effects of these stressors on community well-being? Are these effects realized
disproportionately by various subpopulations within communities?

These questions are designed to guide the research toward the development of information needed
to make decisions regarding potential human and community scale effects related to UOG
operations.

Current State of Knowledge

Human Health Impacts

Although the current state of knowledge in several areas is limited, the results from research on
current and past UOG production activities and chemicals used in UOG activities are still highly
useful. For instance, toxicity reference value {TRV) databases exist that are used by federal and state
agencies for risk management. These TRVs may be available for different routes of exposure and
media (i.e., oral and inhalation; water and air) and exposure duration (acute, subchronic, and
chronic). Analysts can identify and prioritize potential hazards, exposure scenarios, exposure levels,
and cumulative risks associated with UOG production by combining these TRVs with local and
national exposure estimates, or existing chemical use information from sources such as FracFocus or
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the courts.

As with many emerging environmental health issues, the concern regarding UOG production
activities is multidimensional, spanning potential exposure to known and unknown hazards on one
axis, with potential socioeconomic impacts on the other axes. Due to the complexity and the
interplay among these dimensions, the traditional risk assessment paradigm may be inappropriate.
Instead, a technology sustainability assessment approach must be taken, which, as described in
greater detail below, will utilize a framework to systematically structure information from across
human and environmental health coupled with economic and social considerations. This Framework
then provides the foundation for structured decision-support methods to engage diverse
stakeholders in identifying and prioritizing risks and benefits associated with UOG production
activities (National Research Council, 2011). Such clear input from stakeholders can then inform
decision-makers across a variety of sectors (e.g., industry, government) and scales (e.g., community,
state, and federal) in determining how to maximize UOG benefits while mitigating impacts to human
health and communities.

Community Scale Impacts

Existing knowledge of UOG community impacts is limited, and the most relevant research is drawn
from analogous industrial activities. Existing research on the impacts of other resource extraction
(e.g., logging, mineral mining, conventional oil and gas production) suggests a set of potential UOG
community impacts {Boxall et al., 2005). However, the unique characteristic of UOG production
activities may limit direct comparisons to other industrial economic and social analyses. Efforts are
underway to examine the impacts of shale gas exploration on surrounding property values (Boxall et
al, 2005), providing evidence of economic benefits associated with production (Weber 2012,
Marchand 2012). Numerous unpublished case studies document local fiscal impacts of UOG drilling
on farming, tourism and other economic sectors.

To more thoroughly understand the potential community-scale impacts of UOG production activities,
some parallels can be drawn to other resource extraction (e.g., logging, mineral mining) activities,
such as increased economic activity, potential for temporary or sustained economic growth, damage
to existing roadways due to increased vehicular weight/overweight vehicle usage, changes in real
estate values, the local tax base, health facilities, school systems, and demographic profiles. However,
UOG development and production activities have distinctly unique characteristics as well, such as
the increased use of heavy machinery, development of drilling platforms, and the need to dispose of
large volumes of waste water.

Research Needs: Topic 5 (Effects on People and Their Communities)

Table 14: Research Needs - Effects on People and their Communities
Line of Research Need Participating Agencies
(lead in bold)
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Data Assessment

Current Data and Knowledge Gaps: Facilitate
identification of data and knowledge gaps using
Comprehensive Environmental Assessment (CEA)

DOL EPA

Current Data and Knowledge Gaps: Perform industrial
hygiene surveys for further assessment of worker health
hazards.

DOL EPA

Identify non-regulated contaminants of concern in air,
including indoor air, and water from prior investigations.

DOL EPA

Toxicity
Assessment

Toxicity Assessment: Perform high throughput screening
value (HTSV) assessments on UOG development.

EPA

Perform additional in vitro and in vivo laboratory-based
studies on chemicals in or exposures of concern per
priority order.

EPA

Develop toxicity screening values for chemicals of
concern.

EPA

Preliminary Health
Studies and
Surveillance

Preliminary Health Studies and Surveillance: Conduct
health surveillance at current and proposed UOG sites
and synthesize a comprehensive stressor inventory to
address multiple chemical exposure routes.

EPA

Perform monitoring and modeling of current exposures
at UOG sites.

EPA

Perform appropriately controlled retrospective
epidemiological studies.

EPA

Technology
Sustainability
Assessment

Technology Sustainability Assessment: Integrate CEA
and Health Impact Assessment {HIA) methods into
existing data and comprehensively identify knowledge
gaps to inform policy decisions.

DOL EPA

Technology Sustainability Assessment: Conduct a
comprehensive literature search, computational
toxicology research, and accumulate knowledge on
potential health impacts.

DOL EPA

Community
Governance,
Infrastructure, and
Services

Community Governance, Infrastructure, and Services:
Conduct case studies of affected communities using
secondary-data to assess impacts.

EPA

Economic Impacts

Economic Impacts: Conduct case studies of affected
communities using secondary-data to assess impacts.

EPA

Characterize short- and long-term impacts on: 1}
incomes of those with and without resource ownership,
2) employment, 3} housing markets, and 4) other
industries.

DOE, EPA

Identify economically vulnerable and disproportionately
impacted populations.

DOE, EPA

Exposure and
Hazard Scenarios

Integrate and synthesize data from across the research
program on a rolling basis.

EPA

Develop site prioritization methods based on human
exposure potential.

EPA

Identify public health intervention and exposure
mitigation measures.

EPA

Human

Biomonitor blood and urine to measure human

EPA
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Biomonitoring exposures to chemicals associated with UOG
activities.
Develop biomarkers for health effects that may be EPA
associated with UOG, including pre-clinical changes.
Current Best Utilize newly proposed approaches for addressing other | DOE, DOL, EPA
Practice(s} for risk issues (e.g., Multipollutant Science Assessment,
Evaluating cumulative risk assessment) to identify potential human
Potential Risk impacts from UOG production activities.
Develop methods and guidelines for assessing health DOE, DOI, EPA

risks associated with exposures to chemical mixtures and
their application to UOG production activities.

Synthesize a comprehensive stressor inventory to EPA
address multiple chemical exposure routes and physical
hazards such as light, noise, traffic, and explosions.
Develop prospective epidemiological surveillance EPA
systems and health effect studies.

Health Studies

Initiate studies of long-term impacts for all vuinerable DOE, DOIL, EPA
populations prior to well development.
Conduct HIA. DOI, EPA

Characterize indirect health effects of UOG activities as EPA
mediated by changes in social and economic conditions.

Human Health and
Community-Scale

Impacts Understand impacts on road traffic injuries, physical EPA
activity, and noise exposure.
Summary of Chapter 6

Research on community-scale human effects will incorporate economic and social impact research
methods to address how UOG activities influence community infrastructure and the provision of
services, the impacts on local and regional governments, and how changes in economic activity affect
existing industries and overall community quality of life. The research that integrates across health
and community scale impact categories aims to promote understanding on how demographic change
affects indirect health effects, and how changes in the built environment influence and contribute to
nuisance exposure and community well-being.

In general, these research approaches and tools include targeted assessments for UOG-related
exposures to be coupled with strategies to understand health effects including dose response
assessments, epidemiologic studies, medical testing, biomarkers of exposure and disease, and
toxicology studies of substances or exposures of concern. The information from these areas of
research is critical to assess the potential human effects resulting from UOG production activities.

Ongoing interactions among the three Agencies will be needed to coordinate the research being
performed on the other components of this effort, specifically that of the water quantity and quality,
air quality, and ecological effects research areas. This coordination will gather data, information, and
resource sharing, and help support and guide the direction of the human effects research thus
increasing our understanding of the impacts of UOG activities. Broader scale coordination and
collaboration with the UOG research efforts being performed by other agencies such as
CDC/NCEH/ATSDR, CDC/ NIOSH, NIH/NIEHS, and all of HHS will also allow for a more

DEPARTMENT OF ENERGY
DEPARTMENT OF THE INTERIOR
ENVIRONMENTAL PROTECTION AGENCY

PAGE 65



comprehensive understanding of the potential human and environmental impacts associated with
UOG production activities.
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Topic 6: Ecological Effects

Introduction

This research topic focuses on identifying and monitoring current and potential ecological impacts
associated with UOG production activities. Among other topics, the purpose of this Research
Framework is to develop and coordinate research activities among the DOE, DOI, and EPA to provide
the scientific understanding of ecological changes caused by UOG activities.

UOG exploration and development may have large-scale and lasting impacts on terrestrial and
aquatic species, habitats, and ecosystems. This research will build on results described in other parts
of this Research Framework to address the impacts of cumulative changes in land use, water
availability, water and air quality, invasive and non-native species, and noise and light pollution on
priority species and their habitats. The Framework will also focus on designated uses, ecosystem
services of aquatic and terrestrial systems, migratory birds, threatened and endangered species, and
fish and wildlife habitat. Results will allow prioritization of management actions to protect and
restore valued ecological resources and guide the development of BMP to minimize and mitigate
these effects using an adaptive management approach.

Key Science Questions

1) How are ecological resources (including migratory birds, threatened and endangered
species, fish and wildlife habitat, designated uses, and ecosystem services) most likely to be
impacted by changes in land use, water availability, water and air quality, invasive and non-
native species, and light and noise over the UOG production life cycle? Where and when are
impacts most likely to occur? At what spatial scales are impacts expected?

2} Which ecological resources are most vulnerable? How does the degree of change in land use,
hydrology, water and air quality, and noise and light relate to changes in ecological
resources?

3) How are these impacts different from or similar to those from other human activities such as
conventional oil and gas production, renewable energy production, and urbanization?

4} What practices or actions would minimize risks or maximize benefits to ecological
resources?

5) What new technologies, practices, or actions can be taken to restore or mitigate loss of
ecological resources due to UOG production?
Current State of Knowledge

There is little peer-reviewed published literature that directly addresses the impacts of UOG on
ecological resources. An initial search using the online Web of Science peer-reviewed literature
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database yielded 22 relevant articles. A majority of the articles were recently written being
published in the last two years and addressed impacts on the loss of habitat, threatened and
endangered species (T&E), etc. (Figure 12, right graph). The organism populations (taxa) identified
in the studies included vegetation, mammals, microbes, etc. (Figure 12, left graph). More articles
studied ecological effects in the southern (including Texas) and western United States, compared to
the eastern United States. Although this is a cursory summary, it does suggest that little peer-
reviewed research currently exists to directly assess ecological impacts of UOG activities.

The scientific community has, however, responded to this lack of information with several recent
workshops on ecological impacts of UOG development (sponsors included the Society for
Freshwater Science and the Ecological Society of America). There are also upcoming special issues in
scientific journals dedicated to this topic (Environmental Practice, estimated publication date
December 2012; New Solutions, estimated publication date June 2013 are examples). In addition,
there is significant published literature on some of the primary stressors associated with UOG
development. Highlights of these results are summarized below.
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Figure 12: Results from Science Literature Search on Ecological Effects of UOG Development

Land Use Change

Landscape changes, such as loss or fragmentation of habitat, creation of edge or early successional
habitat, changes in soil physical or chemical properties, or altered hydrologic flow paths in soils can
impact terrestrial and aquatic resources. Habitat loss and fragmentation affect the density and
dispersal of biota, such as migratory and breeding birds, amphibians, and insects, through direct
loss, reduced patch size, increased edge effects, and decreased proximity of patches (Robinson etal,,
1995; Trzcinski et al., 1999). Habitat fragmentation also can result in increased mortality or
emigration of individuals moving among patches leading to lower re-colonization rates and smaller
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local populations (Fahrig and Merriam, 1994; Fahrig and Paloheimo, 1988} which are more
susceptible to inbreeding, genetic drift, and bottlenecks that lower genetic diversity and potentially
increase extinction risk, especially in threatened or endangered species (Ellstrand and Elam, 1993;
Honnay et al, 2005; Alexander et al,, 2011). Sensitivity of species depends on habitat association
(e.g., terrestrial- versus wetland-breeding species), dispersal capability, life history, and other factors
that vary among species in a community (Gibbs, 1998).

UOG exploration and extraction activities can alter soil physical and chemical characteristics and
hydrologic flow paths in soils. For example, construction sites have higher soil bulk densities than
forested areas (Alberty et al,, 1984), which may decrease infiltration rates. Unpaved roads elevate
runoff and sedimentation rates (Ziegler et al,, 2000} and can affect downstream systems by changing
the timing and volume of streamflow, water chemistry and sedimentloads, and channel morphology
(Megahan, 1984). Together, these land use changes may affect the natural flow regime of
downstream systems and impact resident species.

Water Availability

The large volumes of water used for drilling, completion of gas wells, and hydraulic fracturing may
alter freshwater availability and the environmental flow regimes necessary to sustain terrestrial and
aquatic ecosystems and the species they support. Because hydrology is considered the “master
variable” that drives many in-stream processes, including population persistence and community
structure (Poff etal.,, 1997), flow alterations often contribute to the degradation of aquatic life, fish
and wildlife habitat, and associated ecosystem services, as well as invasion by non-native species
(Arthington et al,, 2010; U.S. EPA, 2010a ). Small headwater streams that drain areas where many
wells are being drilled are particularly vulnerable to altered in-stream flows, either through direct
water withdrawal or indirect changes to the landscape (soil hydrology). Key species and taxa of
concern include aquatic macroinvertebrates, headwater fish and salamanders, vernal pool
salamanders, terrestrial salamanders, freshwater mussels, migratory birds, bats, and rare,
threatened, and endangered plants.

Water Quality

Aquatic and terrestrial biota may be impacted by water quality changes resulting from UOG
development. Damage can result from both intended activities and from on-site accidents. Both point
and non-point source pollution risks (e.g., salts, increased sedimentation, petroleum products and
released drilling fluids) can have detrimental impacts on both aquatic and terrestrial communities.
For instance, intentional and permitted application of hydraulic-fracturing fluids to a mixed
hardwood forest in West Virginia resulted in severe damage to ground vegetation and mortality of
56 percent of the overstory trees within two years (Adams, 2011). Moreover, freshwater biota
including macroinvertebrates, salamanders, algae, fish, and mussels are highly sensitive to increased
salinity (e.g., Blasius and Merritt, 2002; Vosyliené et al,, 2006; Karraker and Ruthig, 2008; U.S. EPA,
2010b) and sedimentation (e.g., Chutter, 1969; Ryan, 1991; U.S. EPA, 2010c). Other chemical
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constituents of UOG wastewater, such as heavy metals, hydrocarbons, barium, and radioisotopes
may be toxic to specific organisms, or may bioaccumulate to the point where they are toxic. Other
potential impacts linked to water quality changes beyond obvious toxicity issues include possible
increased biological and chemical oxygen demand that may consume oxygen and other electron
acceptors as well as alterations of the natural native microbial populations.

Air Quality

As discussed in Chapter 5, emissions associated with UOG include particulate matter, nitrogen oxides
(NOy), volatile organic compounds, carbon dioxide and methane, all of which can contribute to
formation of ozone and contribute to GHG emissions. Investigation of GHG effects on ecosystems is
outside the scope of the current effort.

Of the other compounds, the effects of ground level ozone
p ’ & Figure 13: Ozone Damage on Tulip

and nitrogen oxides on ecosystems have been extensively Popular (U. S. Forest Service)

studied. Ground-level ozone is well known to be capable of
causing harmful effects on sensitive vegetation and
ecosystems (U.S. EPA, 2006). Ozone can interfere with the
ability of sensitive plants to produce and store food,
leading to reduced growth and biomass production, and
can visibly damage the leaves of sensitive trees and other
plants (Figure 13).

In addition to these immediate effects, continued ozone
exposure over time can lead to increased susceptibility of
sensitive plant species to disease, damage from insects,
effects of other pollutants, competition, and harm from
severe weather. Plant species that are sensitive to ozone
and potentially are at an increased risk from exposure
include trees such as black cherry, quaking aspen,
ponderosa pine and cottonwood. Collectively, prolonged ozone exposure can lead to impacts on
ecosystem services, including decreased productivity, loss of species diversity, changes in habitat
quality, and changes in water and nutrient cycles.

Aside from being a precursor pollutant for ground level ozone formation, NOx can also cause
harmful effects in a variety of ecosystems (U.S. EPA, 2008). Some of the main effects of NOx
deposition include acidification and nutrient enrichment in both aquatic and terrestrial ecosystems.
Acidification can cause a cascade of effects that harm susceptible aquatic and terrestrial ecosystems,
including slower growth and injury to forests and localized extinction of fishes and other aquatic
species. Excess nutrients resulting from NOx deposition may result in increased primary productivity
in nitrogen-limited ecosystems, biodiversity losses, changes in carbon cycling, and eutrophication
and harmful algal blooms in freshwater, estuarine, and ocean ecosystems. Collectively, these effects
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can alter a variety of ecosystem services across the landscape (Compton etal,, 2011).

Invasive and Non-Native Species

UOG development-associated infrastructure (e.g., transportation corridors), operation of gas wells,
and water transport may hasten the appearance of invasive species, with potential impacts on fish
and wildlife species and their associated habitat. For example, Prasad et al. (2010) showed that
human transport is a more important vector for emerald ash borer (Agrilus planipennis Fairmaire)
than insect flight in Ohio. Additional terrestrial invasives include garlic mustard (Alliaria petiolata),
tree of heaven (Ailanthus altissima), brown marmorated stink bug (Halyomorpha halys), and
hemlock wooly adelgid (Adelges tsugae). Aquatic invasives transported by humans include the “rock
snot” diatom known as Didymo (Didymosphenia eminate), the golden algae Prymnesium parvum,
Asian tiger mosquito {Aedes albopictus), and rusty crayfish (Orconectes rusticus).

Noise Pollution

Noise pollution during UOG exploration and development and from the operation of established gas-
well pad facilities may affect biological systems. Noise pollution will increase as a result of the
construction of roads, pads and pipelines, increased vehicular traffic and road use to move
equipment, aggregate, and water, and onsite compressors. Some of these effects are relatively short-
lived, e.g., during the construction period, while others, such as the noise from compressors,
continue for the productive life of a complex of pads and wells. Noise pollution does not necessarily
have to be excessively loud to have negative effects on wildlife inasmuch as very low frequency
sounds, including infrasound, could affect wildlife. Traffic-related and other noise has been
suggested to decrease the occurrence, breeding density, and breeding success of birds (Brotons and
Herrando, 2001}, as well as have significant negative impacts on bird behavior and avian health
(Lohr etal,, 2003; Lengagne, 2008; Barber et al., 2010}, putting species at risk by impairing signaling
and listening capabilities necessary for successful communication and survival.

While some bird species can acclimate to noisy environments by adjusting the frequency range of
their songs (Francis etal, 2011; Dowling et al,, 2012}, others may retreat from noise sources, further
increasing the loss of effective habitat due to resource development, or experience reduced pairing
success or other adverse effects (Habib et al,, 2007). Some research suggests that competitive
relationships among species may be altered by environmental noise. If a predatory species is more
averse to the noise than a potential prey species, the noisy area may become a source habitat for the
prey species. Foraging behavior may also be impacted by noise; for instance, “passive listening” bats
avoid foraging areas with strong noise impact (Schaub et al,, 2008).

Light Pollution

Night light pollution from gas-well pads, flaring of wells, roads, and other infrastructure could affect
wildlife. Light pollution could affect species’ physiology and behavior (Wise, 2007) as well as the
celestial navigation of birds {Deda et al., 2007). For instance, chronic light pollution may entirely
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disrupt a plant’s flowering and developmental patterns (Deda et al., 2007). Lighting of shale gas well
pads also could pose hazards for migrating birds (and other dispersing animals} which may be
attracted to and confused by lights on buildings, drilling rigs, and other human structures. This is
both a site-specific and landscape change, as the proportion of the landscape free from artificial light
sources is decreased by UOG development. Studies suggest that the navigation of birds using the
horizon as orientation for direction is disrupted by lighting and sky glow (Rich and Longcore, 2006).
Other research reveals that many nocturnally migrating birds die or lose a large amount of their
energy reserves during migration as a result of encountering artificial light sources, possibly because
artificial light interferes with the bird’s magnetic compass, which is one of several orientation
mechanisms especially important during overcast nights (Poot et al,, 2008). This may be exacerbated
during certain weather conditions (Avery et al, 1977).

Additionally, light pollution increases ambient illumination, disrupts photoperiod (i.e., the duration
of an organism’s daily exposure to light},and changes spectral properties of night light that may
affect the physiology, behavior, and ecology of frog (Buchanan, 2006) and salamander populations
{(Wise and Buchanan, 2006) which may exacerbate declines of amphibian populations (Wise, 2007).
American eel (Anguilla rostrata) migratory behavior could also be altered by light pollution, as they
exhibit a strong negative phototaxis to light sources (i.e., movement in response to light stimulation).
Light is a controlling variable for many in-stream processes as well, including primary production
(Bottetal., 1997), insect drift (Bishop, 1969}, foraging (Ellict, 1968), zoaplankton diel vertical
movement, and behavior of fish predators (Nicieza and Metcalfe, 1997). Many adult aquatic insects
are attracted to lights, which are used to sample aquatic insect communities (Kovats et al,, 1996) and
are known to alter the composition of terrestrial invertebrate assemblages {Davies et al,, 2012), but
little is known about the effects of artificial lighting on the dispersal, reproductive success, or
survival of aquatic insects (Perkin etal,, 2011).

Research Needs: Topic 6 (Ecological Effects)

Table 15: Research Needs - Ecological Effects

Line of Research Need Participating Agencies
(lead in bold)

Review and Information and Gap Analysis: Systematically review DOL EPA

Synthesis and synthesize literature, data sources, and monitoring

protocols relevant to evaluating impacts of UOG on
habitats, ecosystem services, aquatic life uses, migratory
birds, and threatened and endangered species; develop
web site for data sharing.

Cumulative Impact Models: Estimate total cumulative DOI, EPA
impact of the full life cycle of UOG exploration,
development, and delivery on natural resource systems
of concern.

Identify available data sources that could be used to DOI, EPA
establish pre-development ecological conditions for
baseline conditions in areas of ongoing and future UOG
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activities.

Water Quality

Wastewater Toxicity Testing: Expand toxicity database
with additional chemicals and species of concern;
determine the toxicity of chemicals and salts used or
produced during UOG activities on aquatic life; and test
alternate chemicals and emerging technologies for
potential environmental risks and benefits.

DOL EPA

Identify sensitive aquatic communities, ecosystem
services, and beneficial uses; develop monitoring
protocols; and develop site-specific criteria based on
spatial scales and biological organization.

DOL EPA

Develop a water monitoring network around UOG sites to
assess biotic exposure to chemicals and evaluate the
effectiveness of different chemical containment BMPs.

DOL EPA

Determine if sediment from UOG development poses a
different threat to aquatic life than other activities such
as agriculture and urbanization.

DOL EPA

Evaluate and, if appropriate, recommend changes to
current BMPs to minimize the environmental impacts on
aquatic ecosystems resulting from UOG development in
an adaptive management framework.

DOIL EPA

Land Use

Vulnerability Assessments: Identify and prioritize key
geographic regions, ecosystems and their services,
sensitive aquatic communities, and critical wildlife
habitats that have the greatest potential for impact from
ongoing and potential UOG activities.

DOIL EPA

Determine the most appropriate indicator species and
biologically relevant markers for early detection of UOG
impacts at different spatial and temporal scales.

DOL EPA

Produce ecological effects models to estimate total
cumulative impact of the full life cycle of UOG
exploration, development, and delivery on natural
resource systems of concern.

DOIL EPA

Develop models to predict species or community
responses to disturbances from UOG operations.

DOL EPA

Develop statistically robust monitoring programs to
quantify changes in key demographics of species,
communities, and landscapes in areas of projected UOG
development.

DOIL EPA

Evaluate and, if appropriate, recommend changes to
current BMPs to minimize the environmental impacts
resulting from UOG development in an adaptive
management framework.

DOIL EPA

Restoration

Determine the effectiveness of various restoration
strategies in mitigating site specific and landscape level
effects of UOG development.

DOIL EPA
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Air Quality Determine the concentration of potential air pollutants DOE, DOJ, EPA
associated with UOG activities that would be harmful to
threatened and endangered (T&E) and other species of
concern.

Determine if concentrations of gases and airborne DOE, DOI, EPA
particulates reach potentially harmful levels to wildlife in
the vicinity of UOG operations.

Determine total wildlife exposure and behavioral DOE, DOI, EPA
response to gasses and airborne particulates in the
vicinity of UOG operations.

Water Availability | Determine impact of water withdrawal on aquatic DOIL EPA
resources of wetlands, headwater streams, and other low
flow waterways such as ephemeral wetlands and vernal

pools.
Determine ecological flow requirements for aquatic DOIL EPA
species of concern potentially affected by low water from
UOG operations.
Noise and Light Determine if levels of noise and light reach potentially DOIL EPA

disturbing levels to T&E species and behavioral
responses of those species light and noise generated by
UOG operations.

Invasive Species Determine the risk and pathways for introduction of DOIL EPA
invasive species due to multiple stressors to native plants
and animals in and around UOG sites and transportation
corridors.

Evaluate, and if appropriate, recommend changes to DOIL EPA
current BMPs to prevent introduction and spread of
invasive species in and around UOG development sites
and transportation corridors.

Summary of Topic 6

While the DOE, DOI, and EPA will conduct research to determine the cumulative impacts of UOG
extraction as a whole, the Agencies will expand the body of knowledge relating to the critical
pathways by which adverse ecological effects of UOG are produced, and identify the most effective
management actions to protect and restore ecological resources. DOl and EPA will co-lead this area
of research, with support from from DOE.

The core competencies of impact assessment, risk assessment, and adaptive management are
necessary to identify, predict, and mitigate the ecological impacts from UOG development. For this
reason, there is a need for close collaboration between the Agencies as current research efforts
proceed and planned research moves into implementation. In addition, close interactions among the
three Agencies will be needed in order to coordinate ecological effects research with other
components of the Research Framework and to guide changes in direction as this research and that
being done by others increases our comprehension of the impacts of UOG activities.
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Topic 7: Induced Seismicity

Introduction

This topic focuses on understanding current and potential induced seismic risk associated with UOG
production. This research addresses how hydraulic fracturing and wastewater disposal may induce
potentially damaging earthquakes.. Expanding the knowledge base regarding induced seismicity will
enable the development and use of predictive tools, hazard assessment methodologies, and best
practice techniques or standards to reduce seismic risks. In June 2012, the National Research Council
released a report, “Induced Seismicity Potential in Energy Technologies” (National Research Council,
2012). Much of the proposed work included in this section is based on the recommendations,
including proposed agency-specific actions, found in that report.

Key Science Questions

The key questions to be addressed in connection with fluid injection and production projects are:

1) What factors differentiate injection activities that induce earthquakes from those that do
not?

2) To what extent can the occurrence of earthquakes induced by deep fluid-injection and
production operations be influenced by altering operational procedures in ways that do not
compromise project objectives?

3) Can deep fluid-injection operations interact with regional tectonics to influence the
occurrence of natural earthquakes by, for example, causing them to occur earlier than they
might have otherwise? Similarly, can induced earthquakes trigger much larger tectonic
earthquakes?

4} Whatdistribution of earthquakes (frequency of occurrence as a function of magnitude} is
likely to result from a specified injection operation?

5) Inthelong-term, is there a risk of inducing seismicity from the extraction of gas over a
decadal time scale?

6) Whatis likely to be the magnitude of the largest induced earthquake from a specific injection
operation?

7} What s the probability of ground motion from induced earthquakes reaching a damaging
level at a particular site, and what would be the projected consequences (e.g., injury and/or
structural damage)?
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Current State of Knowledge

The first studies of human-induced earthquakes began in 1894, when earthquakes triggered by
mining activities were felt in Johannesburg, South Africa (McDonald, 1982). Since then, many other
types of induced and triggered earthquakes have been either hypothesized or recognized (Ellsworth,
etal,, 2012). Seismicity associated with petroleum extraction became apparentin the early 1920s,
with water reservoir impoundment in the late 1930s, with high pressure fluid injection at depth in
the mid-1960s, and with natural gas production in the late 1960s.

The strengths of seismic events are typically described using the Moment Magnitude scale , that
measures the energy released during an earthquake.. The scale is logarithmic, meaning thata
magnitude 5.0 earthquake is ten times larger than a magnitude 4.0. Each unit on the Moment
Magnitude scale represents a release of energy about 30 times greater than the immediately
preceding unit. Notable examples of recent great earthquakes include the 2004 Sumatra earthquake
in the Indian Oceanthat had a magnitude of 9.1 and the 1964 Anchorage, Alaska, quake that
registered magnitude 9.2. These events are among the most powerful quakes ever recorded. Most
earthquakes below magnitude 3.0 are not felt by human observers but can be recorded by
seismographs. Earthquakes with magnitudes below 5.0 cause shaking of indoor items and minor
structural building damage, but rarely significant damage. Magnitudes above 5.0 can cause serious
damage depending on local ground conditions and construction methods.

Causal factors attributed to induced seismicity include changes in the state of crustal stress, pore
fluid pressure changes, fluid volume changes, and applied forces or loads-mechanisms that may be
interdependent. Often, for a particular case, the analysis of several possible causal mechanisms has
provided different perspectives for understanding the resulting earthquakes. In general, a case for
earthquake triggering is plausible if the corresponding perturbation-such as deep fluid
injection-can be shown to have shifted a fault toward failure at a time that can account for the onset
of seismicity. Establishing cause-and-effect can be difficult, but is easier to ascertain where natural
seismicity is low and a chance correlation in time and space between a possible trigger and a natural
earthquake sequence is unlikely.

The following sections examine the current state of knowledge of key areas affecting induced
seismicity.

Fluid Injection Effects

Earthquakes associated with fluid injection have the following characteristics (McGarr et al., 2002).
First, the seismicity tends to be triggered along preexisting faults that are hydraulically connected
with wastewater injection points. The earthquake activity is usually concentrated on the portion of
the fault with the best hydraulic connection to the point of injection. Second, there is evidence of
time dependence. Initially, seismicity tends to be concentrated near the injection point and to
respond rapidly to changes in injection pressure or rate. As injection proceeds, the zone of influence
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increases, the upper limit of earthquake magnitudes increases, and the response to changes in input
pressures becomes more sluggish and subtle. This response tends to lag changes in injection
parameters. Seismicity close to the injection point usually stops shortly after the injection ceases,
whereas farther from the injection well, earthquakes may continue for some time thereafter.

Case Studies of Earthquakes Induced by Fluid Injection

Earthquakes induced by fluid injection have been well documented. Several cases in particular have
been investigated in depth, providing a foundation of knowledge. One of the earliest and most
compelling examples of seismicity related to fluid injection occurred at the Rocky Mountain Arsenal
Well near Denver, Colorado in the 1960s (Evans, 1966; Healy et al,, 1968). There, hazardous wastes
were being injected under high pressures at a depth of 3.7 km (2.3 miles) at the Rocky Mountain
Arsenal. The injection pressures were of the order of 10 megapascals (MPa) equivalent to 1,450 psi,
above the initial formation pressure of 27 MPa (3,916 psi). Soon after injection started, earthquakes
began to be felt in the Denver area, a region that previously had experienced little or no historic
earthquake activity. The seismicity was initially concentrated near the bottom of the injection well,
but eventually spread along a linear zone for about 8.7 km (5.4 miles) from the injection well. Of
particular interest, is that the largest earthquake, of magnitude 4.85 (Herrmann et al,, 1981),
occurred more than a year after injection had ceased. Hsieh and Bredehoft {1981) showed that
increases in fluid pressure of only 3.2 MPa (464 psi) were sufficient to stimulate earthquake activity
on favorably oriented faults.

In 1986, near Ashtabula, Ohio, wastewater was injected into a 1.8 km (1.1 miles) deep hole into the
Paleozoic strata of the Appalachian Plateau. A magnitude 3.6 main shock occurred in 1987, one year
after the onset of injection and more than 30 km (18.6 miles) from any other previously known
earthquake. Accurate location of aftershock hypocenters showed that this sequence started where a
previously unknown fault in the Precambrian basement was closest to the well, i.e, 0.7 km (0.4
miles) from the injection point, and migrated westward about 2 km (1.2 miles). The 35 accurately-
determined hypocenters all align and delineate the inferred trace of the fault; none were detected at
the injection point. This example shows that pre-existing structure can play a key role in the spatial
distribution of triggered seismicity.

Following the observations at the Rocky Mountain Arsenal, the USGS (Raleigh et al,, 1976)
performed a partially controlled fluid injection experiment in Rangely, Colorado, where water
injection for secondary recovery in an oil field was producing low-level seismicity (maximum
magnitude 3.1). Injection was in a number of wells with depths of up to 2 km (1.2 miles). During the
experiment, earthquakes could be turned off and on by varying the pore pressure about a critical
value of 26 MPa (3,771 psi), applied to a natural formation pressure on the order of 17 MPa (2,466

psi).
Water injected for solution salt mining in Dale, New York, (Fletcher and Sykes, 1977) provides
another example of a partially controlled experiment, in this case, with lower pressures at shallower
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depths. Earthquakes of magnitude 1.0 to 1.4 formed a cluster about 650 m {2132.5 feet) across near
the bottom of a 426 m (1397.6 feet) injection well. The earthquake activity ceased abruptly when the
wellhead pressure dropped below 5 MPa {725 psi).

Events Triggered by Hydraulic Fracturing/Shale Gas Recovery

Most known injection-induced earthquakes are associated with wastewater disposal activities and
not linked directly to hydraulic fracturing (National Research Council, 2012). There are, however,
two reported cases of felt events linked to hydraulic fracturing, one in Oklahoma and one in England.

In Oklahoma, cases of hydraulic fracturing causing felt earthquakes were from massive hydrofrac
treatments, producing many events with magnitudes up to 1.9 and 2.8 {Luza and Lawson, 1990;
Holland, 2011).

In England (Lancashire, UK}, while Cuadrilla Resources Ltd. was hydraulically fracturing in the
Bowland shale, seismic events were observed after two treatments in the Preese Hall well (De Pater
and Baisch, 2011). Among more than 50 events reported by the British Geological Survey, two had
magnitudes of 2.3 and 1.5. These events were reported to be two orders of magnitude stronger than
microseismicity normally observed during hydraulic fracturing treatments.

Although injection of fluids for the purposes of hydraulic fracturing does affect pressure and volume,
because it uses much less injected fluid at one location in a much shorter span than other activities
such as wastewater disposal, it is less likely to induce seismicity. A recent report by the National
Research Council found that “The process of hydraulic fracturing a well as presently implemented
for shale gas recovery does not pose a high risk for inducing felt seismic events.” (National Research
Council, 2012). Therefore, attention is focused on earthquakes associated with the disposal, by deep
injection, of the wastewater co-produced with natural gas following hydraulic fracturing treatments.

Increased U.S. Earthquake Rates Linked to Wastewater Disposal

To put this hazard in perspective, since the beginning of 2011, the central and eastern portions of the
United States have experienced a number of moderately strong earthquakes in areas of historically
low earthquake hazard. These include earthquakes of magnitude 4.7 in central Arkansas on
February 27, 2011; magnitude 5.3 near Trinidad, Colorado on August 23, 2011; magnitude 5.8 in
central Virginia also on August 23, 2011; magnitude 4.8 in southeastern Texas on October 20, 2011;
magnitude 5.6 in central Oklahoma on November 6, 2011; magnitude 4.0 in Youngstown, Ohio, on
December 31, 2011; and magnitude 4.8 in east Texas on May 17, 2012. Of these, only the central
Virginia earthquake is unequivocally a natural tectonic earthquake. In all of the other cases, there is
evidence indicating, or at least suggesting, that the earthquakes were induced by wastewater
disposal or other oil- and gas-related activities. Research completed to date strongly supports the
conclusion that the earthquakes in Arkansas, Colorado, and Ohio were induced by wastewater
injection. Investigations into the nature of the Oklahoma and Texas earthquakes are in progress.

The disposal of wastewater from oil and gas production by injection into deep geologic formations is
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a process that is being used with increasing frequency. The occurrence of induced seismicity
associated with wastewater disposal from natural gas production, in particular, has increased
significantly since the development of technologies to facilitate production of gas from shale and
tight sand formations. While, as described above, there appears to be little seismic hazard associated
with the hydraulic fracturing process that prepares the shale for production, the disposal of
flowback and produced water does appear to be linked to increased seismicity.

Evidence of water disposal-related events was observed by an earthquake sequence near the Dallas-
Fort Worth airportin 2008 and 2009 (Frohlich et al.,, 2011). Over the course of eight months, several
felt seismic events ranging from magnitude 2.5 to magnitude 3.3 were detected where no previous
earthquake activity had been detected, atlocations with a mean epicenter within 0.5 km (0.3 miles)
of a 4.2 km (2.6 miles) deep saltwater disposal well. In addition, recent research by USGS
seismologist Bill Ellsworth and colleagues has demonstrated that magnitude 3.0 and larger
earthquakes have significantly increased in the U.S. mid-continent since 2000, from a long-term
average of 21 such earthquakes per year between 1970 and 2000; to 31 per year during 2000-2008;
to 151 per year since 2008. Most of this increase in seismicity has occurred in areas of increased
geologic disposal of production-related fluids.

Research Needs: Topic 7 (Induced Seismicity)

Table 16: Research Needs - Induced Seismicity

Line of Research Need Participating Agencies
(lead in bold)
Data Collection Identify five to ten industrial sites where background and | DOE, DOI

multi-year monitoring activities can be conducted;
conduct background and long-term monitoring studies at
the sites chosen for assessment.

Monitor microseismic activity during hydraulic DOE, DOI
fracturing, production, and injection activities.
Collect data on injection rates and pressure and their DOE, DOI
relationship to magnitudes and frequencies of events.
Hazard and Risk Analyze background data for multiple sites; develop DOE, DOI
Assessment component models for induced seismicity (IS) systems;
and develop systems models for probabilistic hazards
assessment.

Validate/calibrate these tools. DOE, DOI
Physics-Based Develop models for forecasting induced seismic events DOE, DOI
Model and validate models with lab experiments and field data.
Development As predictive models are developed, they must be
validated and calibrated with microseismic (<1
magnitude) field data to demonstrate effectiveness. Most
field data are on the microseismic scale, models will need
to be able to reproduce similar results to be validated.
Extend models to forecasting higher-magnitude induced | DOE, DOI
seismic events. Models are needed to be able to
determine under what conditions higher-magnitude (>2 }
induced seismic events can be caused, and to be able to
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predict the number and magnitude of large-scale events
due to water disposal processes. Predictive models are

needed to assess the potential seismic impact of moving
into a new area for development.

Dynamic Gap An annual meeting will be held to disseminate DOE, DOI, EPA
Assessment information/advancements in the area of induced (lead rotating between
seismicity over the past year. Atthese meetings, gaps DOE and DOI}

will be assessed to help identify future research needs.
This is particularly important in this R&D area as there
are large uncertainties involved.

Long-Term Use predictive models calibrated with long-term DOE, DOI
Production from production data sets to assess the potential for

Unconventional production activities to induce seismic events. Being able

Resources to predict the changes in the crustal stress field over the

long-term during production will help determine if
existing faults could be activated (to cause felt seismic
activity}.

Assess the areal extent of the affected region over time. DOE, DOI
Being able to predict the areal extent of the reservoir
affected over the production history will help determine
the extent of subsurface characterization needed to
ensure that a large existing fault will not be contacted.
Develop Novel Develop seismic monitoring tools that improve the ability | DOE, DOI
Monitoring Tools to detect microseismic events from various locations.
Improved tools will help reduce costs of monitoring for
seismic events and allow for higher resolution
monitoring and monitoring in areas currently
inaccessible. Such monitoring can also provide early
warning for large-scale (felt) seismic events.

Conduct large scale 3-D geologic mapping and apply DOE, DOI
LIDAR and high-resolution geophysical techniques
(particularly seismic reflection surveying) to detect
existing geologic faults that could induce seismic events.
If we can detect such faults before operations, we can
potentially avoid such areas and reduce the risk of
damaging earthquakes.

Summary of Topic 7

In general, induced seismicity research activities align with Agency core competencies, including
data gathering, seismic detection, and hazard assessment at DOI and predictive tool development,
data gathering, risk evaluation, and unconventional technology research at DOE. EPA, which together
with State agencies, regulates Class Il injection wells under the Safe Drinking Water Act, is a primary
stakeholder in the information that will be developed as part of this research. Ongoing interactions
among the three Agencies will be needed to coordinate induced seismicity research with research
planned for other components of this Research Framework, and to guide changes in direction of this
research as understanding of how UOG activities affect induced seismicity increases.
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Next Steps

Data Quality Assurance/Quality Control

The DOE, DOI, and EPA will conduct research activities in a clear and open manner, using established
techniques, and will subject results to peer review. All research envisioned by the Framework will be
conducted, and results reported, with appropriate quality assurance/quality control (QA/QC)
protocols.

Established QA/QC methods for evaluating the effects of UOG development on humans and
ecosystems will be used for monitoring and measuring environmental parameters. In some cases,
due to the nature of research activities that apply or develop new techniques and methods for
sampling, measurement, and data analysis, careful documentation of practices will be undertaken
following recognized QA/QC techniques to ensure reproducibility of results.

To enable development of effective risk management strategies across research chapters, sources of
existing data will be evaluated and, where necessary, additional measurements and assessments
may be required in several geographic areas. A range of measurement methods will be used to
identify those that provide the highest quality data in terms of precision, accuracy, and
representativeness. Emerging measurement techniques will be applied, modified, and evaluated in
collaboration with partners to advance the availability of low-cost field measurement technologies.
Individual technologies may not be applicable for all purposes, but would be appropriate for
different uses depending upon accuracy, detection levels, and related factors.

Data Publication and Sharing

Research teams assembled to address the UOG research activities developed through this document
will communicate on a regular basis through electronic communications, teleconferences, webinars,
and in-person meetings. For example, all supporting water resources data and information will be
made available through existing publicly-accessible databases, and induced seismicity data sets
generated by each agency can be distributed for the purposes of knowledge sharing, model
validation, and calibration. The DOI is updating its policy for data cataloging so that information
from different sources are made available in a consistent catalog. Data collected for individual sites
will be published in peer-reviewed articles.

Outreach Mechanisms

The dynamic nature of this research requires that the state of understanding be evaluated
periodically to enable the collaborating Agencies to refine and adjust multi-year research activities.
These efforts will require active stakeholder engagement to facilitate and promote discussion of the
state of the science, knowledge gaps, and research activities. As necessary, the Agencies will evaluate
community-wide options to conduct these periodic evaluations collaboratively with industries, state
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agencies, and academia. For example, water quality research will proceed as a partnership with
those federal and state agencies and river basin commissions responsible for water quality
monitoring along with the various private sector environmental engineering companies engaged to
conduct operations. To ensure coordination and communication of data across the multiple
organizations and stakeholders involved in expanding understanding of the impacts of UOG
activities, the three Agencies will organize an annual webinar and/or seminar to address the current

state of knowledge.
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Appendix A: Glossary of Terms

Aquifer

Conventional
Reservoirs

Continuous Reservoir

Development

Economically
Recoverable
Resources

Ecosystem

Endangered

Exploration

Hydrocarbon

An underground formation or group of formations in rocks and soils
containing enough ground water to supply wells and springs.

Sands and carbonates (limestones and dolomiates) that contain the gas in
interconnected pore spaces that allow flow to the wellbore. The gas in the
pores can move from one pore to another through smaller pore-throats
that create permeable flow through the reservoir. In conventional natural
gas reservoirs, the gas is often sourced from organic-rich shales proximal
to the more porous and permeable sandstone or carbonate.

A type of areally (a particular extent of space or surface) extensive
reservoir that contains hydrocarbon throughout, rather than containing a
water contact or being significantly affected by a water column or a defined
structural closure.

The phase of petroleum operations that occurs after exploration has
proven successful, and before full-scale production.

A sub-set of the technically recoverable resources (TRR) that can be
developed profitably given prevailing market conditions.

Dynamic and interrelating complex of plant and animal communities and
their associated nonliving (e.g. physical and chemical) environment.

The classification provided to an animal or plant in danger of extinction
within the foreseeable future throughout all or a significant portion of its
range.

The initial phase in petroleum operations that includes generation of a
prospect or play or both, and drilling of an exploration well. Appraisal,
development and production phases follow successful exploration.

A naturally occurring organic compound comprising hydrogen and carbon.
Hydrocarbons can be as simple as methane [CH4], but many are highly
complex molecules, and can occur as gases, liquids or solids. The most
common hydrocarbons are natural gas, oil and coal.
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Hydraulic Fracturing

In-place Resources

Permeability

Play

Produced water

Production

Proppant

Proved Reserves

A stimulation treatment routinely performed on oil and gas wells in low-
permeability reservoirs. Specially engineered fluids (commonly made up of
water and chemical additives) (commonly made up of water and chemical
additives) are pumped at high pressure and rate into the reservoir interval
to be treated, causing a vertical fracture to open. When the pressure
exceeds the rock strength, the fluids open or enlarge fractures that can
extend sever hundred feet away from the well. After the fractures are
created, p propping agent is pumped into the fractures to keep them from
closing when the pumping pressure is released. After fracturing is
completed, the internal pressure of the geologic formation cause the
injected fracturing fluids to rise to the surface where it may be stored in
tanks of pits prior to disposal or recycling.

Every molecule of gas thought to exist. This term is generally irrelevant to
discussion of production potential (particularly with respect to
unconventional resources) other than to provide a theoretical upper
bound.

The ability of a substance to allow another substance to pass through it,
especially the ability of a porous rock, sentiment, or soil to transmit fluids
through pores and cracks.

An area, controlled by the same set of geological circumstances, in which
hydrocarbon accumulations or prospects of a given type occur.

A term used to describe water produced from a wellbore thatis nota
treatment fluid. The characteristics of produced water vary and use of the
term often implies an inexact or unknown composition. It is generally
accepted that water within the pores of shale reservoirs is not produced
due to its low relative permeability and its mobility being lower than that
of gas.

The phase that occurs after successful exploration and development and
during which hydrocarbons are drained from an oil or gas field.

Sized particles mixed with fracturing fluid to hold fractures open after a
hydraulic fracturing treatment. In addition to naturally occurring sand
grains, man-made or specially engineered proppants, such as resin-coated
sand or high-strength ceramic materials like sintered bauxite, may also be
used.

That portion of recoverable resources that is demonstrated by actual
production or conclusive formation tests to be technically, economically
and legally producible under existing economic and operating conditions.
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Reservoir
Characterization

Reserves

Resources
Resource
Assessments
Seismicity

Shale

Shale gas

Stimulation

Technically
Recoverable
Resources

Geologic and engineering descriptions of the detailed nature and variability
in reservoir conditions.

Resources that have been be discovered, are recoverable, are commercially
viable, and remaining (as of the evaluation date) based on the development
project(s) applied. As one moves from undiscovered resources to reserves
there is increasing geologic certainty and economic viability.

Both known and undiscovered oil and gas accumulations.

Estimates of ultimate areal extent and hydrocarbon production potential
for key or representative accumulations, including those in development,
those emerging, and those that are as yet undeveloped.

Relative frequency and distribution of earthquakes.

A fine-grained, fissile, detrital sedimentary rock formed by consolidation of
clay- and silt-sized particles into thin, relatively impermeable layers. It is
the most abundant sedimentary rock. Shale can include relatively large
amounts of organic material compared with other rock types and thus has
potential to become a rich hydrocarbon source rock, even though a typical
shale contains just 1% organic matter. Its typical fine grain size and lack of
permeability, a consequence of the alignment of its platy or flaky grains,
allow shale to form a good cap rock for hydrocarbon traps.

Natural gas produced from shale formations.

A treatment performed to restore or enhance the productivity of a well.
Stimulation treatments fall into two main groups, hydraulic fracturing and
matrix treatments. Fracturing treatments are performed above the fracture
pressure of the reservoir formation and create a highly conductive flow
path between the reservoir and the wellbore. Matrix treatments are
performed below the reservoir fracture pressure and generally are
designed to restore the natural permeability of the reservoir following
damage to the near-wellbore area. Stimulation in shale gas reservoirs
typically takes the form of hydraulic fracturing treatments.

Volumes available for production using known technologies, but without
specific regard to commerciality.
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Tight

Unconventional
Reservoirs

Unconventional
Resources

Volatile Organic
Compounds

Wellbore

Relatively impermeable reservoir rock from which hydrocarbon
production is difficult. Reservoirs can be tight because of smaller grains or
matrix between larger grains, or they might be tight because they consist
predominantly of silt- or clay-sized grains, as is the case for shale
reservoirs.

Low permeability {tight) formations such as tight sands and carbonate,
coal, and shale. In unconventional gas reservoirs, the gas is often sourced
from the reservoir rock itself. Because of the low permeability of these
formations, it is typically necessary to stimulate the reservoir to create
additional permeability. Hydraulic fracturing of a reservoir is the preferred
stimulation for gas shales.

Those resources that cannot be produced economically through standard
drilling and completion practices, such as shale gas, shale oil, tight gas, and
tight oil.

Emitted as gases from certain solids or liquids, VOCs include
substances—some of which may have short- and long-term adverse health
effects—such as benzene, toluene, methylene chloride, and methyl
chloroform.

A borehole, including the openhole or uncased portion of the well.
Borehole may refer to the inside diameter of the wellbore wall, the rock
face that bounds the drilled hole.

These definitions were drawn from the text of this Research Framework, and a number of glossaries
found on web pages by EPA, the U.S. Fish and Wildlife Service, Schlumberger, and The Encyclopedia
of Earth. See references listing in Appendix A.
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